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ABSTRACT
This thesis reports a study o f the microstructural and electrical characterization of high quality 
epitaxial CoSi2 layers fabricated by the relatively new technique of Ion Beam Synthesis (IBS). 
The effect of incorporating common device processing dopants such as phosphorus, arsenic, 
antimony, boron and indium into the ion beam synthesised CoSi2/Si structure is also studied.
Using Rutherford Backscattering Spectrometry (RBS), Transmission Electron Microscopy 
(TEM) and four point probe resistivity measurements the crystallinity and resistivity o f ion beam 
synthesised CoSi2 layers fabricated by implanting cobalt to doses in the range 0.7 - 7 x 10l7ions 
cm-2at 200keV are examined. Substrates o f (100), (111) and (110) orientation are used. The 
results show that the microstructure of the ’as implanted’ sample is strongly dependent on the ion 
dose, the crystallinity and resistivity being sensitive to the cobalt:silicon ratio within the 
implanted region. The microstructure is also dependent on the orientation o f the substrate. A 
detailed examination on the effect of annealing the cobalt implanted layer is also undertaken. 
Annealing at 600°C for 1 hour, 600°C/1 hour + 1000°C/30 minutes, sequential annealing in the 
range 200°C - 1000°C for 15 mins and rapid thermal annealing (RTA) in the range 700°C - 
1100°C for 5 -6 0  seconds are all used allowing a number of different processes to be studied in 
the implanted region. The layers with the highest crystalline quality form after the highest 
temperature anneals (:> 1000°C). The lowest resistivities can, however, be obtained after 
annealing at lower temperatures.
The current/voltage characteristics of IBS (100) n -type CoSi2/Si Schottky barrier diodes are 
investigated using mesa device structures prepared by wet chemical etching. Measurements are 
performed over the temperature range 100 K - 400 K. For temperatures (T) > 250K the barrier 
height of the IBS CoSi2/Si interface is found to be 0.64 ± 0.01 eV. The ideality factor («  1.05 for 
T > 250 K) is found to increase with decreasing temperature. C/V measurements at 293 K also 
reveal the same value for the barrier height.
The redistribution of indium, antimony and arsenic implanted to doses s 5 x  1015ions cm*2 into ’as 
implanted’ and annealed CoSi2layers is examined after sequential annealing in the range 200°C - 
1000°C for 15 minutes. Segregation o f the implanted dopant occurs towards the interfaces o f the 
layer and also into the underlying silicon, demonstrating the use of the silicide as a diffusion 
source. After annealing at the higher temperatures the crystallinity o f the CoSi2 layer is restored 
and there is in addition evidence to suggest that the defect density at the interface is reduced by 
the presence of the dopant. A detailed study o f the electrical characteristics of dopant implanted 
IBS CoSi2/Si structures shows that the barrier height can be controlled by varying the dose, and 
subsequent annealing temperature. The conclusions in the latter part of the thesis point the way 
to further research on IBS CoSi2.
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P barrier lowering constant (reverse characteristic)
<i>b potential barrier height
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j current density
Js saturation current density
Jo saturation current density for alternative form of diode equation
Ae Electrically active area o f diode
P resistivity
Rs Sheet resistance
t thickness of layer
n d substrate doping concentration
Vbl built in potential
w depletion width
RBS Symbols
Q sc space charge per unit area o f semiconductor
0G goniometer angle in 0 direction
4>G goniometer angle in <j> direction
yG goniometer translation in y direction
E0 energy o f projectile before collision.
E, energy of projectile after collision.
K Kinematic factor
M Mass o f target atom
m Mass of projectile
0 scattering angle of projectile
S energy loss factor
E stopping cross section
P Stopping power (atoms per cross sectional unit)
Px density of target material (x)
NA number density of element (A)
NComp number density of compound (Comp)
ZA atomic number of element A
Y sensitivity factor
h a signal height o f element A
Q detector solid angle
Ec energy corresponding to one channel
i|) total number o f particles impinging on target
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C H A P T E R  1
INTRODUCTION
The continued development of smaller and faster devices in microelectronics has 
presented interesting and difficult challenges throughout its relatively short history. The 
problems have, in many cases, been overcome only by understanding and adapting the 
materials required for the devices. This thesis is concerned with new low resistivity 
materials which will be needed for the next generation o f devices in silicon integrated 
circuit technology.
Low resistivity materials are needed for a variety of microelectronic applications 
including interconnects and metallization contacts. The materials presently used for many 
o f these applications are metals but these have their limitations [1.1], especially for 
sub-micron feature sizes. Because o f this an interest in alternative materials has 
developed with transition metal silicides being identified as a possible replacement for 
metals. A comprehensive list o f the desired properties of silicides for microelectronic 
applications exists in the literature [1.1]. It is important to realise that there are many 
silicides all o f which have slightly different characteristics. One o f the most important 
factors in determining whether or not a particular silicide will be suitable for device 
applications is its resistivity and these vary widely, (e.g. p o f CrSi2s> 600pQcm, p of TiSi2 
s 1 lpQcm ) [1.2, 1.3]. Amongst the long list of stable transition metal silicides, CoSi2has 
emerged as one of the most attractive possibilities for device applications. This is due to 
its low resistivity, thermal stability, close epitaxial relationship to silicon, smooth 
interfaces and compatibility with Complementary Metal Oxide Semiconductor (CMOS) 
processing. Several ways are currently recognised of using CoSi2in silicon integrated 
circuit technology. These are summarized below.
a ) M e ta lliz a tio n /c o n ta c ts
The scaling down of devices in Metal Oxide Semiconductor (MOS) technology to
1
sub-micron dimensions means that shallower junctions (<100nm) will be required. The 
contact area will be reduced and correspondingly the contact resistance will increase. A 
shallow junction requires that a thin contact is made at the junction, if aluminium is used 
for this, spiking shorts can sometimes occur and it is also prone to electromigration. By 
fabricating a contact with a low resistivity silicide [1.4, 1.5] this problem may be 
overcome. This topic is discussed more fully in section 2.4.
b ) L o w  r e s is ta n c e  g a te s
The performance o f an MOS device is dependent on the resistance o f the gate. This will 
in turn be determined by the resistivity o f the gate material together with its physical 
dimensions. With continued scaling to sub - micrometer dimensions, the resistivity will 
be the dominant factor in determining the resistance of the gate. With the increased levels 
o f integration now sought in circuits, the use of a self-aligned silicide ("salicide") [1.4,
1.5] with a resistivity lower than that of the current gate material, polysilicon, becomes 
attractive. Much of the early work on "salicide" technology has been done using TiSi2[1.6 
- 1.9]. However, CoSi2has emerged as a more suitable candidate partly due to the fact 
that unlike TiSi2, it can withstand HF cleaning and can be formed at lower temperatures. 
In addition its resistance to most plasma etching processes is superior. Fig 1.1 shows the 
use o f a self-aligned silicide on an MOS transistor. Investigations [1.10, 1.11] have been 
made on the performance o f the type o f structure illustrated in fig 1.1 using CoSi2. In the 
study by Van denHove et al. [1.10] silicided contact transistors with gate lengths of 2pm 
displayed enhanced current drives compared with non - silicided transistors. Broadbent et 
al. [1.11] obtained reasonable I/V characteristics for 0.75pm gate length n-channel and 
p-channel silicide contacted transistors. In addition the sheet resistance of source, drain 
and gate regions were reduced by the incorporation o f CoSi2. However, the performance 
o f these devices was not compared with non-silicided transistors.
c )  B u r ie d  In te r c o n n e c ts
Very short switching times ( < lOps) mean that interconnections must transfer signals 
with low dispersion. With microstrips fabricated from a conventional material such as
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aluminium, dispersion occurs in the microstrip above 46 GHz. Epitaxial silicides offer the 
possibility o f fabricating buried interconnects. A further discussion o f this area is made in 
section 2.
d ) P e r m e a b le  b a se  tra n sisto rs
Permeable base transistors (PBT) have potential applications in high speed logic circuits 
and high frequency power amplifiers. The distinguishing feature o f the PBT is the 
Schottky barrier grating used to modulate the flow of electrons between source and drain. 
Two types o f PBT exist, the etched groove PBT and the buried grating PBT [1.12, 1.13]. 
It has been shown that the latter can also be fabricated from Si/CoSi2/Si (111) 
heterostructures [1.14, 1.15] grown by Molecular Beam Epitaxy (MBE). A transconduc­
tance figure of 50mS./mm has been achieved for such a device. It has also been shown 
that a PBT with an ion beam synthesised CoSi2gate can be fabricated. This will be 
discussed more fully in section 2.
e )  M e ta l  b a se  tr a n sisto rs
Replacing the silicon base of a conventional p-n-p or n-p-n transistor with a metal or 
another low resistivity material could lead to the realization of devices with very high 
switching speeds. The so called metal base transistor only employs majority carriers in its 
operation and is sometimes referred to as a uni-polar transistor. Optimum performance of 
such a device would require coherent ballistic transmission of electrons across the base. 
The transit time o f an electron between the emitter and the collector would be the 
dominant factor in determining the speed o f such a device, since both the base resistance 
and emitter-base capacitance would be much lower than those in a conventional bipolar 
transistor. However, three important criteria must be met for successful ballistic 
transmission in such a device.
i) The metal/silicon interfaces must be smooth and parallel to conserve the wave vector 
parallel to the interface.
ii) The Bloch states in the metal and the silicon must line up
iii) The electron mean free path must be greater than the width of the base.
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CoSi2with its metallic properties and smooth interfaces is an obvious candidate for such a 
device. The characteristics o f a metal base transistor with an MBE grown CoSi2base have 
been investigated [1.16-1.19], Unfortunately, the performance o f these devices has been 
disappointing. For example, Levi et al. [1.16] fabricated a device with a CoSi2base o f just 
38A, having a common emitter gain o f only 0.01. In addition Hensel et al. [1.17] 
fabricated such a device with a common base current gain o f only 0.6. Most of the work 
has concentrated on the fabrication o f these devices in (111) silicon since it is very 
difficult to grow epitaxial CoSi2 layers on (100) silicon of the required quality using 
conventional techniques. Theoretical studies [1.20], however, have shown that condition 
(ii), (above), is only satisfied when (100) silicon is used possibly explaining the poor 
performance o f the devices so far fabricated.
f )  B u r ie d  c o lle c to r s
The cut - off frequency o f a bipolar device depends on the collector series resistance - 
capacitance product. The technique most widely used to reduce the collector resistance 
has been to fabricate the transistor over an n+epitaxial layer. However, for sub - micron 
feature sizes, the issues o f material resistivity and lateral diffusion o f the n+layer become 
important factors. Using a buried epitaxial CoSi2 layer as the collector would not only 
reduce the collector -series resistance but it would overcome the problems associated 
with diffusion of the dopant. Fig 1.2 shows a prototype bipolar transistor incorporating a 
buried CoSi2 collector [1.28].
The epitaxial growth of CoSi2has been reviewed extensively in the literature [1.21 -1.26]. 
The techniques most widely used to fabricate this material have been Solid Phase Epitaxy 
(SPE) [1.22] where cobalt is deposited onto a silicon substrate or Molecular Beam 
Epitaxy MBE [1.23, 1.25] where both cobalt and silicon are codeposited.
An investigation o f the fabrication o f epitaxial CoSi2by other techniques is not only o f 
interest for fundamental studies but, in view of the above discussion, it is also o f interest 
for microelectronic applications. In this thesis the relatively new technique of Ion Beam
5

Synthesis(IBS) has been used to fabricate epitaxial CoSi2layers. Ion beam synthesis was 
first performed by Badawi et al. [1.27] for the fabrication of buried Si02layers. The 
technique involves implanting high doses o f energetic cobalt ions into single crystal 
silicon at elevated temperatures. The energy necessary for the growth o f single crystal 
CoSi2is provided by the energy contained in the ion beam and also sometimes by external 
heating.
The aim of the work in this thesis is to examine the effect of certain fabrication 
parameters on the physical and electrical properties o f ion beam synthesised CoSi2 layers. 
In chapter 2 a review is presented on work already performed on the ion beam synthesis 
o f CoSi2. Chapter 3 covers the experimental apparatus used to fabricate the layers and 
also the techniques used to characterize them. In chapter 4 results are presented which 
show how the physical and electrical properties of the layers are modified by the 
fabrication parameters. In addition results are presented on the electrical characteristics o f 
the Schottky barrier interface between the silicon and silicide. Much o f the work also 
concentrates on how the presence o f implanted dopants affects the electrical and 
materials properties o f the Si/CoSi2 heterostructure. In chapter 4 the results are discussed 
fully and in chapter 5 conclusions are drawn. Finally, ideas for future work are proposed 
in chapter 6.
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2.1 INTRODUCTION
In this chapter the literature covering the study of epitaxial CoSi2 layers formed by ion 
beam synthesis is reviewed. The technique is a relatively new method which has been 
successfully performed by a number of groups [2.1-2.17].
A major advantage o f fabricating CoSi2 layers by ion beam synthesis (IBS), is made clear 
when one considers the orientation o f the silicon and silicide lattices. The CoSi2 formed 
by this process, can grow in either an aligned (A-type) or a twinned (B-type) orientation 
[2.10,2.18]. The latter is rotated through 180° about the (011) planes with respect to the 
(100) silicon substrate. If ultra high vacuum (UHV) deposition or molecular beam 
epitaxy(MBE) are used to fabricate CoSi2, high resolution electron microscopy (HREM) 
shows that a mixture of both A and B type CoSi2 crystallites grow in (100) silicon [2.19]. 
On the otherhand it has been found that by using IBS, continuous, monocrystalline,
/
aligned layers can be grown in (100) silicon purely of the A- type aligned orientation. 
Another significant advantage of fabricating CoSi2 using IBS, is that it is possible to 
fabricate buried layers, without a silicon overgrowth step.
Despite the ease of the IBS process and the high quality o f the fabricated layers, it is 
important to realise that a small mismatch (1.22 % at 293 K) exists between the silicon 
and CoSi2 lattice constants. This leads to strain in the respective lattices and this probably 
effects the quality o f the silicide/silicon interface, as well as the stability o f precipitates. 
Several publications [2.2, 2.8, 2.9] have presented results indicating that the smaller 
CoSi2 lattice constant may be responsible for a tensile stress parallel to the layer and, 
correspondingly, a compressive stress perpendicular to the layer. Dekempeneer et al. 
[2.8] studied strain as a function of implantation temperature and found that the lattice 
mismatch decreased with increasing implantation temperature. They also found that the 
strain was noticeably higher for precipitates, in those samples implanted with a higher 
current density. However, more work is needed in this area.
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The strain between the silicon and silicide lattices means that the formation o f defects is 
probably more energertically favourable at the interface. For the highest quality layers 
obtained by annealing at 1000°C, TEM analysis [2.10] has shown that threading 
dislocations are still present in the silicon substrate. In general, misfit dislocations are 
observed at both interfaces [2.1, 2.10]. Ways o f eliminating the strain caused by the 
lattice mismatch may allow layers with a lower interfacial defect concentration to be 
fabricated.
2.2 M ic r o s tr u c tu r e  o f  I o n  B e a m  S y n th e s is e d  C o S i2
The type o f IBS CoSi2 structure fabricated varies greatly according to the implantation 
parameters, namely the implantation temperature, dose, energy, subsequent annealing 
conditions and substrate orientation. The implanted region may consist of either A type or 
B type CoSi2 precipitates or a mixture o f both and may also be continuous or 
discontinuous. Early studies on the ion beam synthesis of CoSi2 have concentrated mainly 
on the implantation and annealing conditions required to fabricate continuous, monocrys­
talline, epitaxial silicide layers with superior electrical characteristics.
a ) D o s e  a n d  E n e r g y
The dose of implanted cobalt required to form a continuous layer is dependent on the 
energy o f the implant. It is well established that it is possible to successfully fabricate 
continuous layers using a range of doses and energies. Van Ommen et al. [2.11] formed 
continuous layers by implanting doses of 2 x 1017and 3 x 1017at 170keV whilst Barbour et 
al. [2.2] implanted cobalt ions at 6 x 1017Co+cm-2 at 350keV to form continuous layers. 
For each energy, there is a minimum dose below which it is not possible to obtain a 
continuous layer, even after annealing. The concentration of cobalt at the peak o f the ’as 
implanted’ profile for this minimum dose is known as the ’threshold peak concentration’ 
Cp. A study o f the dependence o f Cpwith ion dose in both (100) and (111) samples has 
been made by Mantl et al. [2.20] for implants made at 200keV with an implantation 
temperature «  350°C. The value of Cpis found to depend linearly on dose up to a dose «
2.8 x 1017Co+cm-2,or the dose at which the peak concentration achieves the composition
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of CoSi2. For implants performed below this critical dose it is found that the implanted 
cobalt is in the form of small CoSi2 precipitates which decrease in size as one moves 
away from the peak of the implant [2.21]. There is also a region o f end-of-range damage 
due to the presence of (113) defects attributed to the precipitation o f excess Si interstitials 
[2.22]. For higher doses the dependence o f Cpon dose becomes non-linear and it is found 
that the excess cobalt is in the form o f small CoSi inclusions [2.23] and also possibly in 
lattice sites which are normally unoccupied at the center of CoSi2unit cells [2.24].
Most of the implantations discussed in the literature, with a few exceptions[2.25] have 
been performed in the energy range 20 - 350keV. By implanting at lower energies (30 - 
50keV), the straggle of the implanted ions is reduced and it is possible to fabricate thin 
layers o f IBS CoSi2(»  200A) [2.26,2.27], This is, however, more favourable in (111) 
silicon where the plate shaped precipitates have their longer facets parallel to the surface. 
In (100) silicon the CoSi2 precipitates formed are rhombohedral in shape which means 
that once the precipitates coalesce, a continuous layer will have less sharp interfaces than 
that formed in (111) silicon. For example, Radermacher et al. [2.16] found that for a 
50keV, 5 x 1016Co+cm-2, 450°C implant in (100) silicon the implanted region consisted 
o f large rhombohedral precipitates even after annealing. It is found that in order to 
successfully fabricate thin IBS CoSi2 layers in the (100) substrate, attention must be paid 
to the implantation temperature. Maex et al. [2.28] investigated the fabrication o f thin 
CoSi2layers in (100) silicon. By implanting a dose of 5.75 x 1016Co+cm 2, 40keV, 400°C, 
it was possible with subsequent annealing to fabricate layers o f 23nm thickness under 
19nm of Si. The annealing conditions for the formation of thin layers are also important 
as will be seen in the next section.
The thickness o f the layer also has important consequences for the type o f structure 
formed. Vanderstraeten et al. [2.29] investigated the dependence o f the orientation o f the 
layer as a function of layer thickness using X - ray rocking curves. They found that it was
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difficult to fabricate layers with a thickness < 250 A purely of a single A - type 
orientation. For thinner layers the concentration o f A -type precipitates was found to 
decrease with decreasing layer thickness.
In most of the implantations described above, the substrate is tilted with respect to the ion 
beam. Channelled implantation increases the mean projected range resulting in a shift of 
the buried layer for a given energy. For example, for a 30keV implantation it has been 
found that channelled implantation results in a shift o f the peak o f the distribution by 
about 50A [2.36]. The thickness o f the silicide layer remains constant whereas the 
thickness of the overlayer increases. A reduced sputter yield for the channelled 
implantation also contributes to this effect.
b ) T e m p er a tu r e
The substrate temperature during implantation has important consequences for the 
implanted region both before and after annealing. In the first reported study of IBS CoSi2 
[2.1], implants were carried out at -196°C, room temperature,*3 50°C and 450°C. For the 
higher temperatures successful fabrication of CoSi2 layers was possible but for the low 
temperature implants the surface region o f the samples was amorphised. More publica­
tions o f the effect o f substrate temperature on the evolution of the microstructure have 
followed [2.1,2.16,2.29,2.30]. The effect o f substrate temperature fyon the crystallinity o f 
as implanted Si ( 111) samples is shown in fig 2.1 [2.30] in which the quantity 5^ (ratio 
o f channelled/random yields just behind the surface peak) is plotted as a function o f 
temperature. The temperature T. shown in fig 2.1 is only an approximation since this is 
the temperature as measured by a thermocouple in a heated block behind the wafer. The 
important temperature is 290°C as this represents the temperature at which there is a 
significant improvement in crystallinity. A  minimum in the curve is reached at T;» 350° 
C, with the crystallinity deteriorating for higher temperatures.
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After annealing an epitaxial CoSi2 layer fails to form for substrate temperatures < 290 °C 
and the structure remains polycrystalline with the cobalt distribution shifted towards the 
surface [2.16]. This is in contrast to samples implanted at temperatures > 290°C where 
for sufficiently high doses continuous epitaxial CoSi2 layers form after annealing.
Investigations have also been made on the dependence of the sputtering yield on 
temperature [2.1, 2.2, 2.16]. Barbour et al. [2.2] found that the percentage of cobalt, at the 
peak of the distribution, is greater in room temperature implanted samples than in 
samples implanted at higher substrate temperatures. This suggested that more silicon was 
sputtered away during the room temperature implantation. More recent publications have 
involved detailed investigations of the temperature dependence. Radermacher et al. [2.16] 
put forward the argument that the sputtering yield would be greater from the amorphous 
structure (room temperature implant) than from the single crystal structure (high 
temperature implant) leading to an apparently higher concentration of cobalt in the room 
temperature implanted sample. The shift o f the projected range to greater depths was also 
explained by the fact that there would probably be more channelling by the cobalt ions in 
the crystalline silicon than in the amorphous silicon.
Dekempeneer et al. [2.8] examined the effect of temperature, on the ease with which the 
CoSi2 layer formed. For lower implantation temperatures (< 290°C), it was proposed that 
the silicon around the CoSi2 precipitates relaxed because o f the damage in the implanted 
region. This may have increased the precipitate stability so hindering continuous buried 
layer formation. XTEM images revealed that the most uniform buried silicide layer was 
formed at Tj= 350°C. In addition there was a reduced concentration o f threading 
dislocations in the overlying silicon at this temperature. For temperatures higher than 
425°C there was a much smaller difference in the size of precipitates between the upper 
and lower regions o f the implanted distribution than there was at lower temperatures. 
Because of this it was proposed that the movement of cobalt, released by the dissolution 
o f deeper precipitates, towards the surface will not occur so easily since precipitate 
stability is related to size.
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The common consensus from most of the work published on IBS CoSi2is that for both 
the ’ as implanted’ and annealed samples the optimum substrate temperature during 
implantation lies somewhere between 320°C and 380°C and is dependent on the ion 
beam current density and energy [2.30,2.31]. Dekempeneer et al. [2.8] calculated that for 
a current density o f 1.6p.A/cm2 the optimum temperature range for the formation of a 
CoSi2layer was 350°C ± 50°C.
c )  A n n e a lin g
It has been shown that both conventional furnace and rapid thermal annealing cause large 
changes in the cobalt distribution and improve the crystallinity of the implanted region in 
both (111) and (100) substrate orientations [2.1-2.7, 2.32]. For hot implantation o f cobalt 
across a large range o f doses and energies, the effect of annealing is to redistribute the 
cobalt by the growth of larger precipitates at the expense of the dissolution of smaller 
ones. The process, known as Ostwald ripening [2.33, 2.34] results in movement o f cobalt 
towards the peak o f the concentration profile and for high enough doses to the formation 
o f continuous layers. The shape o f the precipitates formed is also found to depend on the 
substrate orientation. Hexagonally shaped precipitates are observed in (111) silicon [2.32] 
whereas rhombohedral shaped ones are formed preferentially in (100) silicon [2.35].
In the first reported fabrication of IBS CoSi2, [2.1] the optimum annealing conditions for 
the formation o f the layer with the best crystallinity were investigated. It was found that a 
two step anneal, first at 600°C for 1 hour followed by 1000°C for 30 minutes gave the 
best results. Radermacher et al. [2.16] obtained a value for o f 3.5% for a continuous 
layer annealed in this way .
The annealing conditions are particularly critical for the fabrication o f thin CoSi2 layers 
[2.28, 2.36, 2.37]. In the (100) layers fabricated by Maex et al. [2.28], 900°C was found 
to be the optimum temperature for post implantation annealing. The resulting layers had 
uniform interfaces in contrast to other thin layers [2.36] fabricated in (100) silicon . In
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addition the defect density in the upper silicon layer was found to be below the detection 
limit for XTEM. For annealing temperatures higher than 900°C, disintegration of the 
CoSi2 layer was observed and attributed to the growth of pin holes.
The technique o f rapid thermal annealing (RTA) has also been used in the fabrication of 
CoSi2layers. Successful exploitation o f this technique at temperatures between 750°C and 
1150°C has been performed by a number o f groups [2.16, 2.38, 2.39], The crystallinity of 
the layers is found to be comparable to those annealed conventionally over longer periods 
o f time. The effect o f varying the implantation parameters for the fabrication o f IBS 
CoSi2in both (100) and (111) substrates is summarized in fig 2.2.
d ) M u ltila y e r  s tr u c tu r e s  fa b r ic a te d  u s in g  I B S  C o S i2
Work has also been carried out on the formation of buried double CoSi2 layers [2.40, 
2.41]. Wu et al. [2.40], fabricated a double structure in (111) silicon using a 200keV, 1.6 
x 1017Co+cm-2, 400°C implant followed by a 30keV, 4.2 x 101(5Co+cm-2, 320°C implant. 
Between the implants a two stage 600°C/1000°C, 60/30 minute anneal was performed. 
These implantation and annealing conditions result in a multi-layered structure consisting 
o f 80 A of silicon, 160 A of B-type CoSi2, 650A of A-type silicon and 600A of A type 
CoSi2. TEM reveals that the CoSi2/Si interfaces are abrupt and channelling studies give x 
^values o f 21 and 14 % respectively. An improvement on this structure was made by 
Witzmann et al. [2.42] who used two implantations 250keV, 2 x 1017Co+cm-2at 350°C 
followed by a 30keV, 5 x 1016Co' cm-2at 350°C. Instead of the intermediate anneal, 
annealing was performed at 1000°C for 30 minutes subsequent to both implantations. X™, 
was found to be 5% for this structure.
2 .3  E le c tr ic a l C h a r a c te r istic s  o f  I B S  C o S i2
a ) R e s is tiv ity
CoSi2layers formed using both IBS and deposition techniques have a lower resistivity 
than most other silicides [1.1, 2.1, 2.16, 2.43]. The lowest reported resistivities for IBS
18
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Fig 2.2 : Dependence of IBS CoSi2 structure on fabrication parameters.
(after MantI et al. [2.41])
19
CoSi2at room temperature have been in the range 10-15|iiQcm [2.16,2.43]. These were 
obtained for continuous layers annealed at temperatures in the range 900°C to 1000°C. In 
table 2.1 data is presented on the resistivities of CoSi2 layers prepared using both UHV 
deposition and IBS techniques. It is interesting to note that CoSi2 layers fabricated using 
the latter technique have the lower resistivities.
Table 2.1
Preparation
Method
Orientation resistivity 
p 293 K 
p,Qcm
Reference
[]
IBS (100) 10-15
2.11,2.16, 
2.20, 2.38, 
2.41, 2.43, 
2.72,
IBS (111) 13-18 2.11,2.16, 
2.20, 2.41, 
2.72
UHV (100) 14 2.19,2.73
MBA (100) 13 2.71
A possible reason for this is that there is a lower density of impurity related scattering 
centres in the IBS layers, since the ion beam is mass selected. It is also worth noting that 
the IBS CoSi2layers formed in (100) silicon have the lowest resistivities of all [2.1]. 
Some of the lowest resistivities for IBS CoSi2 layers have been obtained using rapid 
thermal annealing[2.16, 2.43], Radermacher et al. [2.16] reported that layers annealed at 
high temperatures for a few seconds had lower resistivities than those annealed 
conventionally over longer periods. The temperature dependence of the resistivity for 
CoSi2layers fabricated in (100) and (111) substrates is shown in fig 2.3 [2.41]. The 
resistivity o f the layer depends on the orientation and also on the thickness. It is worth
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noting from fig 2.3 that the curves are parallel indicating that the difference in resistivity 
lies mainly in the residual resistivity. The behaviour of the temperature dependence is 
typical o f a metal and can be adequately described by Matthiesens rule. The supercon­
ducting temperature of IBS CoSi2is reported as Tc= 1.55 K [2.44].
Zimmerman et al. [2.45], investigated the electrical properties o f narrow buried IBS 
CoSi2 wires fabricated by implantation through bars defined in a 350nm thick Chemical 
Vapour Deposited (CVD) Si02 mask. The bars were of lengths in the range 5 - 20pm and 
widths 50nm to 1pm. There was found to be little dependence o f the resistivity on the 
width of the wire. In addition during prolonged high current testing of the wires there was 
no measurable change in the resistance of the wires, suggesting the material is not 
affected by electromigration damage.
b ) H a ll e f f e c t  M e a s u r e m e n ts
The temperature dependence o f the Hall coefficient RH has been investigated in both 
(100) and (111) CoSi2layers. Over the temperature range 0 - 300 K, there was found to be 
little variation in the value o f . The value of I^for the (100) layers was «  2.5 x 10 4cm-3 
C l, the positive nature o f the value indicating that holes are the predominant current 
carrying species. Using this value of R^ a simple calculation reveals the carrier density to 
be 2.5 x 1022cm-3, roughly equal to the unit cell density of CoSi2and indicating that there 
is one free carrier per unit cell. The (111) CoSi2layers exhibit a similar dependence of 
on temperature over the range 0 - 100 K but for higher temperatures Rn falls sharply.
c )  E le c tr ic a l C h a r a c te r istic s  o f  th e  I B S  C o S i2 in te r fa c e .
There have been relatively few publications on the electrical characteristics of the IBS 
CoSi2interface. The most detailed investigation so far has been made by Schuppen et al. 
[2.46]. The device structures for this work were fabricated by depositing an epitaxial 
silicon layer on an annealed, buried IBS CoSi2layer, followed by a reactive ion etch to 
form a mesa structure. I/V measurements on A-type CoSi2/Si (111) structures revealed a
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barrier height of 0.78 ± 0.03 eV with ideality factors in the region 1.3 - 1.5 for both upper
and lower interfaces. In the same work I/V characteristics on CoSi2/Si (100) diodes
*
revealed barrier heights of 0.68 ± 0.03eV and 0.78 ± 0.03 eV for the upper and lower 
interfaces respectively. Measurements were also made on layers fabricated with different 
doses of cobalt. Interestingly, ideality factors were found to increase with increasing 
dose, with the best values ( n = 1.0 - 1.2) obtained for a dose of 1.15 x 1017Co+cm-2at 
lOOkeV. In contrast to the results of Schuppen et al. [2.46], measurements made on 
similar device structures by White et al. [2.47] revealed values o f 0.64eV and 0.57 eV for 
the lower and upper interfaces respectively. The reason for the differences in the values 
o f barrier height between upper and lower interfaces is unclear. Both differing interface 
structures and the presence of defects have been discussed in the literature as reasons why 
barrier heights may vary for the same silicide/silicon interface. It is worth noting, 
however, that according to the work of Kikuchi et al. [2.48], a lowering o f the Schottky 
barrier height by 0. leV requires a relatively large electrical defect density in the order of 
1 x 10I3cm-2. The discrepancy between the values of Schuppen et al. [2.46] and White et 
al. [2.47] is most likely due to different interface structures which result from different 
annealing conditions used.
For ideality factors »  1 the dominant current process at the interface is thermionic 
emission [2.49, 2.50], In order to understand departures from unity, other current 
processes at the interface have to be considered, such as :
a) Quantum mechanical tunnelling o f electrons through the barrier.
b) Recombination in the space charge region.
c) Hole injection from the metal to the semiconductor.
In many practical device applications there may also be edge leakage current and also 
interface current due to traps at the semiconductor/metal interface. Diodes for which the
* It is doubtful whether these barrier heights are valid with the ideality factors being so high.
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first o f the above current processes (a - d) dominate are referred to as nearly ’ ideal’ and 
the current/voltage characteristics of such a barrier can be adequately described using the 
ideal diode equation
j - j . (21)
where (2.1a)
J , =  A * T  e  rr
where A* is the Richardson constant 
In order to take account o f deviations from pure thermionic emission the ideality factor
(n) is introduced so that (2.1) can be written as
j - j i f i - A  <22>
where n is defined as
q  b V
n  =
k T  6(ln J)
For 3 k T
V  > -----
q
the above equation can be written as
j - j f r  (23)
The above equations can also be modified to take account of small deviations due to 
changes in the electric field (Es) at the barrier. A barrier height <j)ecan be defined such that
<t>e = (2 .4 )
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where A<j>4. is the barrier lowering due to the Schottky effect which can be written as
Substitution o f the effective barrier height <j>einto equation (2. la) has been used to obtain 
good agreement between experiment and theory [2.61]. An alternative expression to (2.3) 
has also been derived [2.49, and references therein] using equation (2.4).
If (ty and A<fy are the barrier height and barrier lowering at zero bias it is possible to 
write:
(2.5)
where the last term is introduced to take account of the bias dependence. 
This leads to an equation for the current density of the form
(2.6)
where the quantity JDis equal to
(2.6a)
A * t e  kT
where at zero bias
(2.7)
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For 3 k T
V  > -----
<1
the equation (2.6) can be written as
(2.8)nkT
J  =  J „e
In the reverse direction the ideal reverse current would be equal to Jsin equation (2.1), ref 
[2.49]. However, the equation must also take account o f other effects [2.50]. Firstly there 
will be the contribution from the Schottky lowering as in equation (2.4). In addition it is 
mentioned in ref [2.50] that an extra barrier lowering term must be introduced o f the form 
PES. This has been explained as being due to metal electron wave functions that penetrate 
into the semiconductor band gap resulting in a static dipole layer at the metal/semicon­
ductor interface. Equation (2.4) can then be modified so that the effective barrier height 
in the reverse direction becomes:
(2-9)
The approximation has been used [2.50] to obtain good agreement between theoretical 
and experimental characteristics.
2 . 4  D o p a n ts  in  s ilic id e s
In order to successfully fabricate submicron MOS devices shallow junction depths are 
required. The conventional way of fabricating a junction is to perform an implant close to 
the surface followed by an anneal. However, the process is limited by the fact that the 
implanted dopant may diffuse too far into the substrate during the necessary activation 
anneal. This is particularly true for dopants such as boron which is a rapid diffuser. 
Dopant outdiffusion from silicides offers an alternative to direct implantation into silicon.
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The dopant may be implanted into the metal before silicidation [2.52] or directly into the 
silicide [2.53 - 2.60]. The process o f out diffusion is advantageous since shallower 
junctions may be formed and also most of the implantation damage is confined to the 
silicide. With advanced processing techniques such as RTA this becomes even more 
attractive. For example, Ditchek et al. [2.52] showed that shallow junctions «  50nm could 
be formed by implanting As and B into surface layers of CoSi2 followed by driving the 
implanted species to the silicide/silicon interface using RTA. CoSi2is particularly suited 
to outdiffusion applications since the compound formation o f most dopant species in the 
silicide with either Co or Si is energetically unfavourable. It has been found that dopant 
profiles, after out diffusion from CoSi2layers display different activation levels and 
diffusivities than those from polycrystalline silicon [2.53], It has also been shown 
recently [2.60] that epitaxial CoSi2layers have lower contact resistances to p+silicon.
The diffusion o f a variety o f dopants in bulk CoSi2has also been studied [2.54, 2.59]. In 
the work performed by Thomas et al. [2.54],, it was found that boron diffused far more 
rapidly than dopants such as arsenic or antimony and in general lower annealing 
temperatures were required. Diffusion occurred in the direction o f the silicide/silicon 
interface where accumulation occurred. Lattice diffusion as well as grain boundary 
diffusion are thought to be responsible for these effects.
There have also been reports in the literature showing how by changing the activated 
dopant concentration close to the interfaces o f such structures, it is possible to control the 
effective barrier height <j>e ’ o f a metal/silicon or silicide/silicon interface [2.61 - 2.65]. 
Much of the pioneering work in this area was carried out by Shannon [2.61 -2.64] using 
shallow implanted layers to both raise and lower the effective height o f the barrier at the 
Ni-Si interface. In the case o f reducing the effective barrier height, a tunnelling distance 
a was defined [2.61] such that field emission occurs through the barrier when its 
thickness < a.The reduction in effective barrier height can then be written as,
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(2.10)
+ <xE,
where -  172 and <xEsare the effective lowering due to the Schottky effect and
in which case the current density through the barrier, using equation (2.2) becomes,
In order for the effective barrier height to be reduced without serious degradation in the 
reverse characteristic Es should be independent of the bias applied to the barrier. For this 
case, Eswill be determined by the number o f ionized impurities in the highly doped 
region, providing this region is fully depleted at zero bias. i.e. the voltage required to 
deplete the layer is less than the built in potential. From Poissons equation [2.61], the 
range of the highly doped region must be minimized to satisfy this condition.
The fabrication o f an ohmic contact is also possible at the silicide/silicon interface 
provided the space charge density is sufficiently high for field emission to dominate 
[2.66], Typically implanted doses must be in the range 1014ions cm-2to 1015ions cm-2for 
this to occur.
tunnelling current respectively.
(2.11)
where
28
In order to increase the effective barrier height, the highly doped region close to the 
interface must be of opposite type to the substrate [2.62, 2.63]. Provided that this region 
is thin and lightly doped enough to be fully depleted at zero bias, the effective barrier 
height can be increased without significant increase in either the ideality factor or 
degradation in the reverse characteristic. The limit to the increase in effective barrier 
height is the formation o f a p-n junction which occurs when the thin doped region is not 
fully depleted at zero bias.
2 .5  D e v ic e  a p p lic a tio n s u s in g  I B S  C o S i2
A number of possible device applications have been investigated using IBS CoSi2 [2.47,
2.68 - 2.70], Schtippen et al. [2.68, 2.69] fabricated a Permeable Base Transistor (PBT) in 
(100) silicon with an IBS CoSi2gate. In order to fabricate the gate for this device, cobalt 
was implanted at 200keV to a dose of 2 x 1017Co+cm-2through a layered metal/Si02 mask. 
Following a rapid thermal anneal to coalesce the implanted regions, the oxide layer was 
removed and the thickness of the silicon overlayer increased by the growth o f LPVPE 
silicon. The resulting gate for this device consisted of wires with a length of 300pm, 
width 2pm separated by a spacing of 1pm. Characteristics typical of a PBT were 
obtained for the device, which for a drain - source voltage o f 2 V, also displayed a 
maximum transconductance in excess of 50mS/mm.
White et al.[2.47]investigated the possibilty of using an IBS CoSi2 layer as a buried 
collector. The transistors incorporating this feature were fabricated in a standard 
manufacturing line (details not discussed) with the exception of the CoSi2 collector which 
was fabricated in a research laboratory. The devices had a current gain p less than 10% of 
that o f the control wafers and also displayed excess leakage. This was attributed to the 
presence o f threading dislocations in the overgrown silicon and silicon substrate. 
However, the stability of the CoSi2 throughout the processing steps confirmed the 
suitability of the material for device applications.
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A report is made in the same paper [2.47], on the use of an IBS layer as a buried 
groundplane. This was fabricated by implanting cobalt to a dose of 8.5 x 1017Co+cm-2at 
1.5MeV followed by annealing at 1100°C for lhr. The resulting structure consisted o f a 
CoSi2 layer, 3000A thick buried under 8600A of crystalline silicon. Signals transmitted in 
this buried groundplane strip were found to display much less dispersion than those in a 
conventional microstrip.
A further study [2.70] has investigated the use of IBS CoSi2 surface contacts on both p+n 
and n+p junctions. Encouragingly, with these contacts, the reverse currents were equal to 
or lower than the control junctions in the bias range 0 to -5V.
Despite these encouraging early investigations on the applications o f IBS CoSi2, an area 
which remains a difficult and formidable challenge is the fabrication of a metal base 
transistor using IBS CoSi2. In section 1, the important issues associated with the 
fabrication of a metal base transistor using a CoSi2base were discussed. IBS CoSi2is 
attractive for this application because it can be grown to the desired quality in (100) 
silicon. However, progress in this area is made difficult by the fact that the constraints of 
the implantation parameters mean that it is difficult to fabricate continuous layers below a 
certain thickness (currently «  200A). A base thickness of 100A is required to meet the 
coherent ballistic transmission requirements.
2 .6  M o le c u la r  B e a m  A llo ta x y
An alternative to the growth o f CoSi2layers by both MBE and IBS has very recently been 
developed by Mantl et al. [2.71]. The technique known as Molecular Beam Allotaxy 
(MBA) is a deposition method that is used to produce a peaked distribution of cobalt 
similar to the implantation profile formed in the IBS of CoSi2. In order to achieve this the 
rate o f cobalt and silicon deposition are varied and the growth o f precipitates is made 
possible by an elevated substrate temperature (500°C). Once the cobalt deposition ceases, 
silicon deposition continues so that a silicon overlayer is formed. Subsequent thermal 
treatment leads to coalescence o f the precipitates, resulting in a continuous CoSi2 layer. In
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(100) silicon the CoSi2 layer fabricated by MBA is found to be o f a similar quality and o f 
equally low resistivity to those formed by IBS. In addition, processing o f large wafers 
would be quicker using the allotaxy technique and good quality multilayer structures 
could be fabricated more easily, provided that the uniformity is sufficiently good.
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3.1 IN T R O D U C T IO N
In this chapter the experimental procedure is discussed. In the first section of the chapter, 
the experimental apparatus and techniques are reviewed. In the second section, an outline 
of the experiments that were performed is made. Tables summarizing these experiments 
are situated at the end of the chapter.
IM P L A N T A T IO N
Implantation was used for the ion beam synthesis of CoSi2and also for the incorporation 
of dopants. Implantation of cobalt was performed on a high current implanter at the 
University of Surrey. Implantation of the dopants was performed both at the University of 
Surrey on a 500keV ion implanter and also at C I M E  Grenoble on a Varian Extrion 
200keV commercial implanter. In each machine ions are produced in an ion source 
before being extracted by a potential (normally 20keV). The ions are then focussed, 
accelerated (in an acceleration tube) and passed through an analysing magnet before 
being electrostatically scanned across the sample. Mass analysis can be made either 
before or after the acceleration stage. Due to the high energy with which ions enter the 
substrate material, there is an emission of electrons from the surface. If an attempt is not 
made to prevent this effect then the measured dose is not the actual dose. For this reason 
it is necessary to place a negatively charged plate in front of the sample to suppress the 
emission of secondary electrons. The dose was controlled by monitoring the accumulated 
charge on the substrate and was calculated as follows :
n Q  P*1]Dose  = -~ -
q A
where
q = electronic charge (1.6 x 1019C)
Q  = Total collected charge 
Aj = Implantation area
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The samples were also tilted by a small angle (typically 7°) to minimise channelling of 
the impinging ions.
R U T H E R F O R D  B A C K SC A  T T E R IN G  S P E C T R O M E T R Y
a) In troduction
Rutherford backscattering spectrometry is a surface analysis technique which is suitable 
for characterising materials to a depth of about a micron below the surface. The idea of 
nuclear backscattering was first investigated by Rutherford in 1911 [3.1], who attributed 
the observed scattering of energetic ions on a target as due to the interaction of the ions 
with the coulombic field of the target atoms. In a modem R B S  arrangement a proton or a  
(He42) particle with energies in the range 1-2 M e V  is directed at the target or sample 
under test. The backscattered particles can then be used to determine the concentration 
and depth distribution of elements near the surface.
b) R B S  Apparatus
A  simplified diagram of the experimental arrangement used for R B S  analysis at the 
University of Surrey is shown in fig 3.1. For the experiments described in this thesis, 
helium ions were generated in the ion source and accelerated to 1.5MeV. The beam is 
"purified" using a magnet and then collimated so that before entering the target chamber, 
the beam spot is approximately 1 m m  in diameter. The target sits on a rectangular steel 
plate mounted on the goniometer inside the chamber. The goniometer can be moved three 
dimensionally in the 0G, <j)G and y directions. The sample plate is attached to a sensitive 
current integrator which measures the beam current (typically in the region 10 - 20nA). 
Suppression of secondary electrons produced by the bombardment of the impinging beam 
is provided by a suppresssion electrode set at - 200V. The target chamber is also 
furnished with a four blade rotating vane which chops the beam at a preselected 
frequency. A  second detector collects particles backscattered by the vane and acts as an 
independent calibration reference for the target charge integration.
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The backscattered particles are collected by a p-n junction surface barrier detector 
negatively biased to 75V and positioned at an angle of 160° to the incident beam. The 
signal produced by the detector is a charge pulse proportional to the energy of the 
backscattered particle. This charge pulse goes into an amplifier and is converted into a 
voltage which can be then be fed into an analogue to digital converter. This stores pulses
in a multichannel buffer
of identical height at specific locationsAdefined as channel numbers. A  programme 
written for the Sun computer provides a graphical display of this data which can be then 
be interpreted as an R B S  spectrum.
c) T he  K inem atic fa c to r  a n d  system  calibration
The kinematic factor is defined as the ratio of the projectile energy after collision Eto
that before E o,
i.e.
„  E, (3.2)
From the laws of conservation of energy and momentum it can also be deduced [3.2] that, 
if no nuclear interaction occurs,
( o o o -  ^
( M  - m  sin 0)2 + m  cos 0 
(m + M )
2 (3.3)
where
M  = the target atom mass,
m  = the projectile mass.
0 = the scattering angle of the projectile.
In order to calibrate the multi channel spectrum, gold was used. With 0 = 160°, a value 
for K  of 0.9242 is calculated. In this case the energy of the backscattered helium particles
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will be 0.9242 x 1.5MeV « 1.386MeV. The system amplification is then adjusted so that 
counts due to gold appear in channel 450. In this case each channel will correspond to an 
energy window of
1.386M?F __
 —  = 3.08 k e V  p e r  channel
d) The D epth Scale
When the impinging helium ion passes through the target material it will lose energy due 
to glancing collisions with the target atoms. The energy will be lost both on the inward 
journey before the backscattering collision and also on the outward journey after the 
collision. The overall energy loss for a collision with a target atom at depth (t) can be 
expressed as [3.2],
6E  = { K  d E  1 d E  \  (3 4)
( cos 0! dx j COS02<3kJ 
where
0, = angle of incidence of projectile
02 = backscattered angle of projectile
d E = change in incident energy of projectile with distance.
d x l
d E  -  change in backscattered energy of projectile with distance.
dx 2
The term in the brackets is the energy loss factor [S] which changes as a function of 
energy and depth. In the surface energy approximation, the thickness x is small and the
42
relative change of E  with x is also small so that the terms dE/chq and dE/dx2 can be 
replaced by a constant.
Equation [3.4] can then be written as
6E  = S t (3.5)
It is normal to define a stopping cross section e such that
6E - s N t  (3.6)
where N  = the number of atoms/unit volume.
In the case of a compound material consisting of two elements A  and B, Bragg’s rule 
[3.2, 3.3] is used to define a stopping cross section for the material. This can be expressed
as:
8a b = peA+ qeB
where
eA = stopping cross section of element A.
eB = stopping cross section of element B.
8a b = stopping cross section of compound AB.
P = atomic concentration of element A  in A B
q = atomic concentration of element B  in A B
e) Thickness o f  th e  cobalt im planted  region
The stopping cross section for CoSi2was calculated using the program STOP [3.4]. The 
stopping power was used in the calculation of the thickness of the CoSi2 layer. This is a 
relatively easy task since for the implantation energies used in this work counts due to the 
cobalt depth distribution appear in separate channels to those due to the silicon. The 
calculation that follows indicates how the thickness of the cobalt implanted region was 
calculated.
Stopping power for a 1.5MeV helium ion in CoSi2 = P eV atoms cm-2
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The number of channels corresponding to the 
cobalt distribution
One channel has energy E0.
Therefore energy lost by helium ion
This corresponds to (Ncx Ec) P atoms cm-2
~N cx EceV
Density of CoSi2
Therefore thickness (t) 
of CoSi2 layer
= (JVix E J P
PcoSiat0mS Cm'3
P CoSi
c m
f )  Calculation o f  the  reta ined  dose o f  an im planted species
A calibration sample, also of silicon, with a known concentration CA atoms cm*2 of an 
impurity element A,was used to calculate the retained doses of the implanted atoms.
If the number of counts detected for the concentration CAis equal to mthen each count 
corresponds to CA-s-m atoms cm 2 .This is equal to the sensitivity factor yAfor element Ain 
silicon.
The detection of backscattered helium ions is determined by the differential scattering 
cross section of the elements in the target material [3.2]. The scattering cross section of 
an element is proportional to the square of its atomic number. To calculate the sensitivity 
factor for cobalt using the calibration sample means that yAmust be multiplied by the ratio 
of the atomic numbers.
Yco = 7 -  -Ya 
\  Co)
and retained dose of cobalt = yCox counts in cobalt distribution.
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g) Calculation o f  x  in  CoSix.
The cobalt:silicon ratio for each sample was calculated from the R B S  spectra.
The surface height of a signal due to scattering from a given element A  at normal 
incidence is [3.2]
H  = signal height.
N a= atomic density of element
N eoinp= density of unit of compound considered in calculating the stopping cross section
omp
a  ~ scattering cross section 
i|>= total number of particles impinging on target.
Q  = detector solid angle
E c is the energy corresponding to one channel.
For CoSi2assume Co=l and Si=x 
If A =Co i.e. cobalt.
The ratio of the e values is close to 1 for a scattering angle of 160° and the scattering 
cross section is proportional to the square of the atomic number.
where
Then (3.11)
(3.12)
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Substituting into expression (3.11) and re-arranging gives
H Co (3.12)
x  -  3.411.^—
Hsi
This expression was used to calculate the cobalt:silicon ratio within the implanted region.
h) Io n  channelling
In a crystalline target, chanelling of the incident beam may occur when it is directed 
along one of the major crystallographic axes of the crystal. The result is that there is a 
reduction in the backscattered yield. By comparing the channelled yield with the non 
aligned yield, or the random yield, it is possible to deduce the following information [3.5] 
about the target material:
a) Concentration and distribution of lattice disorder.
b) Location of impurity atoms in lattice sites.
c) Thickness and composition of amorphous layers.
The ratio of the channelled yield to the random yield in any one channel or across a series 
of channels is often used to give an indication of the crystalline quality of the material.
S IM S
a) In troduction
In the technique of Secondary Ion MassSpectroscopy(SIMS) an ion beam is used to 
sputter atoms from the surface of a sample. The sputtered atoms may be either neutral or 
ionized. The ionized atoms are termed secondary ions and may be accelerated for mass 
analysis. The intensity of the detected signal gives a measure of the mass concentration.
h) Apparatus
The SIMS data used were obtained from measurements made at Cascade Scientific Ltd 
using a Cameca IMS 4f secondary ion mass spectrometer. A  caesium (Cs+)ion beam
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(14.5keV) was rastered over an area of 250pm by 250pm, the sputter rate being 
controlled by changing the primary ion current. The craters formed were profiled using 
an alphastep 200 R  &  d profilometer giving an accuracy > 10 %.
c) C oncentration o f  Im purity  A tom s a n d  depth scales
In order to calculate the concentration of an impurity atom within the sample it was 
necessary to use a relative sensitivity factor RSF. This was obtained from well 
characterized ion implantation standards in silicon. The concentration of an impurity N* 
could then be calculated using the equation:
Nj= RSF x impurity counts/second + matrix counts/second. (3.13)
The concentration of the impurity in the silicide layer was found by ratioing its signal to 
that of the silicon matrix. In order to establish a depth scale the crater depth was divided 
by the total time taken for analysis.
C R O SS  S E C T IO N A L  T R A N S M IS S IO N  E L E C T R O N  M IC R O SC O P Y
The cross sectional transmission electron microscopy used for the samples in this thesis
was performed at Oxford University.
T H E  F O U R  P O IN T  P R O B E  TE C H N IQ U E
To find the sheet resistance of the samples, a four point probe terminal arrangement 
similar to that shown in fig 3.2 was used. The probes were placed as close to the centre of 
the sample as possible with the longest side of the sample parallel to the probe array. A  
known current was passed through terminals 1 and 4. The voltage between terminals 2 
and 3 was then measured using a digital voltmeter.
By solving Laplaces equation for current flow between a point and a plane it can be 
shown [3.6, 3.7, 3.8] that for a thin layer of thickness t with length and breadth much 
larger than the probe spacing (s), the voltage, current and layer resistivity are related by:
p= (3it/ln2).V/I
and the sheet resistance (RJis then given by R s=p/t
(3.14)
(3.15)
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In this experiment finite rectangular samples with areas in the range 30 - 50 m m 2 were 
used for the measurements. Because of this, the correction factor Jt/ln2 could not be used 
in the calculation of the sheet resistance. F.M Smits [3.9] has calculated the correction 
factor for rectangular samples of length a and breadth d.
A  plot of the correction factors versus d/s is shown in fig 3.3 for a=d and for a>d. These 
values were used to convert the current voltage measurements to sheet resistances. The 
advantage of the four point probe technique is that it is simple and requires very little 
sample preparation. It must be emphasised, however, that there is probably a deviation of 
the measured sheet resistance from the true sheet resistance. This may be due to a number 
of factors.
i) There will be a small error in the positioning of the probe array on the
sample’s surface which will mean that the correction factor used contains an error. The
difference in the probe positioning reflected by an error in the voltage can be seen over a
/
large number of measurements as fig 3.4 shows.
ii) There will be a small leakage current from the back of the sample.
iii) The pressure applied to the probes will affect the values of current and voltage 
measured. There may be more leakage current for probes that have pierced right through 
the implanted region.
iv) For samples with differing silicon overlayer thickness it is possible that the probes do 
not make the same degree of contact with the silicide layer.
E L E C T R IC A L  M E A S U R E M E N T S
In order to obtain reliable information about the electrical characteristics of a Schottky 
barrier interface, techniques such as current/voltage (I/V), capacitance voltage (C/V) and 
D L T S  (Deep Level Transient Spectroscopy) measurements are normally used. In order to 
use these techniques it is necessary, normally to fabricate a diode structure. A  number of 
methods can be used and these are detailed adequately in the literature [3.10]. In this 
thesis mesa structures were used, fabrication details for which are given in section 3.3.
I/V Characterization was made on the device structures with a probe station and a 
HP4145 semiconductor parameter analyzer. This can be used in various modes depending 
on the device being tested and can increment the test voltage in steps down to l m V  
across a wide voltage range. The current flowing through the device can be measured to a 
sensitivity of a picoamp. Measurements were made at room temperature and also in a
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Fig 3.3 : Plot o f correction factors for the four point probe technique [3.10]
20 ---- ■----1----»----1---->----1---->----1----■---- 1----■----1----   1---- »----j----*---- 1----*----r
15
10
I 725 0.727 0.729 0  731 0.733 3.735
0.726 0.728 0.730 0.732 0 734 0 736
Ranges of Voltages
Fig 3.4 : Distribution o f  voltage readings from measurements made many times
using the fourpointprobe technique. [315]
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nitrogen cryostat over the temperature range 100 K  - 400 K. C/V measurements were 
made using A. C. voltages of between 2 5 m V  and lOOmV. Most of the C/V measurements 
were done at a frequency of 1MHz. The methods used to calculate the barrier height are 
discussed below.
a) D eterm ination o f (j>e Using C urrent/Voltage Characteristics
Using current voltage characteristics, the barrier height of the IBS CoSi2/Si interface was 
calculated in various ways. The methods used are outlined below.
i) In tercep t M ethod
From either equation 2.3 or 2.8 it can be seen that a plot of InJ against V  in the forward 
direction should give a straight line for V  > 3kT/q. For low substrate dopings and low 
voltages the barrier lowering should be minimal so that <j>b= <j>e. The gradient should then 
enable the value of n (the ideality factor) to be determined. For values of n > 1.1, the 
diode is non - ideal and several of the current processes mentioned in section 2.3c may 
have to be considered. However, for lower values of n it can be said that the current is 
dominated by thermionic emission. In this case an extrapolation of the graph In J against 
V  for V>3kT/q should allow the value of J0 to be determined. Knowing the value of J0it 
should then be possible to calculate the value of (J>efrom equations (2.3) - (2.8).
The value of the Richardson constant (A*) may well have to be determined if a precise 
value of the barrier heightis required. This can be done using the activation energy 
method. Alternatively the value of A*can be assumed since a large error in the value of A* 
will have a relatively small effect on the calculated value of the barrier height.
ii) A lternative  In tercep t M eth o d  
From equation (2.6) a plot of
In / \
J
gV
l - e *
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against V  should give a straight line for all values of V, not only for V  < 3kT/q but also 
for negative (reverse) values as well. The intercept should give fallowing determination 
of the barrier height <J>e.
iii) A ctivation E nergy  M ethod
The current voltage characteristics of the IBS CoSi2/Si interface have been measured 
over a range of temperatures. The activation energy method is then applied to the data for 
the determination of the barrier height.
Multiplying equation (2.8) by A e, the electrically active area, one obtains.
€  ( 3 1 6 )
Ip  = A eJ0e
For the current through the diode, substituting for J0from equations (2.6) - (2.8) gives
l!!i (3.17)
IF = AaA*T2e"e"kT
Rearranging and taking logs
\ ±
n I k T
(3.18)
Therefore by plotting the left hand side of the above equation against the reciprocal of the 
temperature for a given forward voltage, it is possible to obtain a value for the barrrier 
height. The electrically active area A ecan also be calculated assuming a value for the 
Richardson Constant A. Alternatively, the value of A ecan be assumed by using a value 
based on other measurements, and the value of A* calculated.
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In the reverse direction the theoretical current density is given by the reverse saturation 
current densities of either equation (2.2) or (2.6). Using the current density from the 
second of these equations, the current through the diode can be written as
The barrier height and the Richardson Constant can also therefore be calculated from this 
equation.
b) U sing Capacitance Voltage Characteristics
The barrier height of the BBS CoSi2/Si interface is also determined using C N  measure­
ments in this work. The space charge per unit area of the silicon is given by
where N D = silicon doping concentration
and W  is the depletion width given by [3.9]
\ /
Where esis the permittivity of silicon, V biis the built in potential and V  is the applied 
voltage. The potential V  at a distance (x) from the interface is given by [3.9]
I0 = A eA * T 2e kT
(3.19)
Q sc = qNDw (3.20)
v j N d { W x - \ x 2 )  ^
(3.22)
e*
substituting for W from equation into (3.20) gives
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(3.23)
so that the depletion layer capacitance is then
c  _ a2,c , qND&, :
(3.24)
squaring and rearranging
1 _ 2(Vbi- V - k{) 
C 2 N Dqzs
(3.25)
For uniform substrate doping concentrations a plot of 1/C2 against V  should give a 
straight line with gradient equal to
The barrier height can then becalculatedknowing the depth of the Fermi level in the 
semiconductor below the conduction band. For non - uniform doping it should also be 
possible to calculate the doping profile in the semiconductor from equation (3.23) by 
finding the gradient at various points on the curve of 1/C2 against V.
A N N E A L I N G
a) Conventional Annealing
Annealing was performed in a quartz tube with a steady flow of nitrogen passed through 
the tube across the samples. As the thermal expansion coefficients of CoSi2and Si are
2
q * sN D
and intercept proportional to
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different, it was necessary to introduce samples into the furnace slowly. It is likely that a 
very slow ramp rate performed over many hours would produce the best results but for 
reasons of practicability a ramp rate of ninety seconds was used.
b) R a p id  Therm al A nnea ling
Rapid thermal annealing was performed using a graphite strip developed at the University 
of Surrey [3.11, 3.12]. The essential features of the annealing chamber are shown in fig 
3.5. The sample was placed in the middle of the graphite strips which are loosely fixed at 
each end to the electrical leadthroughs. Before annealing the Bell jar was first evacuated 
and then filled with nitrogen. A  power transformer supplies a maximum current of 100A 
at 10V which is then passed through the graphite strips. Temperature measurement and 
control was made by means of an optical pyrometer focussed on the centre of the graphite 
strips. The optical pyrometer operates in closed loop control with the rest of the system 
by supplying the required current to the windings of the transformer.
3.3 PLAN OF THE EXPERIMENTS
M IC R O ST R U C T U R E  A N D  R E S IS T IV IT Y  O F  ’A S  IM P L A N T E D ’ CoSi2 
It was envisaged that a wide range of implantation doses would allow layers with 
considerable differences in structure and electrical properties to be fabricated. For this 
reason doses of 0.7 x 1017 Co+ cm-2up to 7 x 1017 Co+ cm 2 were implanted into the wafers 
at an energy of 200keV. Substrates of various orientation were used.
A  6.25cm 2 square was chosen in the centre of the wafer as the implantation area. This 
allowed a worthwhile quantity of material to be produced whilst at the same time did not 
require unrealistically long implant times. A  silicon aperture was used to define the 
implantation area and also helped to minimise contamination from sputtered particles.
55
To Rotaiy Pump
Fig 3.5 : Rapid thermal annealing apparatus used for the annealing of samples in this
work.
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During the implants the beam current was kept as constant as possible in order to ensure 
that the implantation temperature did not fluctuate. The cobalt ions were implanted at a 
current from which it was estimated that the wafer temperature would be raised « 350°C. 
This estimate was made on the basis of results obtained from optical pyrometry 
measurements made on a set of previous implants [3.13].
A  summary of the dose, energy, implantation temperature and substrate orientations are 
outlined in table 3.1. The implanted regions on each wafer were cleaved into a series of 
smaller samples some of which were set aside for annealing. RBS, ion channelling and 
four point probe measurements were performed on each of the ’as implanted’ samples 
outlined in table 3.1.
T E M  was also performed on selected ’as implanted’ samples.
M IC R O ST R U C T U R E  A N D  R E S IS T IV IT Y  O F  A N N E A L E D  CoSi2 
The cobalt implanted samples were annealed both in a conventional furnace and also 
using rapid thermal annealing. The processing conditions are outlined in table 3.1. RBS, 
ion channelling and four point probe measurements were performed on each sample after 
annealing. T E M  was also performed on selected annealed samples.
E L E C T R IC A L  C H A R A C T E R IS T IC S  O F  CoSi2
In order to measure the barrier height of the CoSi2/Si interface, it was necessary to 
fabricate diode structures which were characterized by I N  and C/V measurements.
a) D evice Fabrication
The processing stages used in the fabrication of the IBS CoSi2/Si Schottky barrier diode 
are shown in fig 3.6(a- h). The substrates were n-type (100) 3 inch diameter silicon 
wafers doped with phosphorus to a concentration 5 x 10I4P+cm-3. The implantation 
procedure used to fabricate the silicide was similar to that described earlier.
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a) n -ty p e  (1 0 0 ) silicon 
5 x  10 14 P cm '3
b)
Implant
5 x  l 6 7 C o + cm'2 , 200k eV  , over front o f  wafer
Tsubstratc = 350 C
C)
d)
Implant
3 x  l d 5P+ cili , 70k eV , over back o f  wafer
Anneal 6 0 0  0 /1 0 0 0  C , 6 0 /3 0  minutes.
♦
CoSi
Spin on resist, bake, 30 mins. 
expose to u.v., 3secs
f)
Develop, apply resist to rear o f  
wafer, bake, 30 mins
Etch silicide, H N O  : H  0 HE, 2 0 :5 0 :1 .3 2 ’
. R em ove resist, dip in HF (1 0 % ) , 
mount or package.
Fig 3.6 : Processing stages used in the fabrication of the IBS CoSi2/Si
Schottky barrier diode.
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d)
a) 8.1 x Iff7nr2
b) 1.9 x lff7m-2
c) 6.3 x lCHm*2
d) 3.1 x lff8m-2
Fig 3.7 : Photolithographical mask used for the fabrication of IBS CoSi2/Si Schottky
barrier diodes.
Fig 3.8 : Alphastep recording made across two IBS CoSi2/Si Schottky barrier diode
mesa structures.
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For the electrical measurements described in these experiments cobalt was implanted to a 
dose of 5 x 10,7Co+cm-2at 200keV (fig 3.6b)). The first stage in the fabrication of the 
ohmic contact to the back of the wafer was to implant phosphorus to a dose of 3 x 1015P+ 
cm 2at 70keV(fig 3.6c). This implant was performed using the Varian Extrion 200keV 
implanter at C I M E  in Grenoble. The dopant is implanted over a complete wafer. 
Following this, the wafer was cleaned and then annealed at 600°C for 60 minutes and at 
1000°C for 30 minutes. With these annealing conditions and cobalt implanted as 
described, 1500A of stoichiometric single crystal CoSi2is formed at the surface of the 
substrate. The 1000°C anneal also activates the phosphorus implant on the rear of the 
wafer. Positive photoresist was spun onto the front of the wafer and conventional 
photolithography used to define areas on the resist (fig 3.6d). A  number of different 
masks were used for this purpose giving various diode sizes ranging from 35 p m  to 
2000pm, the larger sizes fabricated mainly for C N  measurements. Both circular and 
square features were investigated. Fig 3.7 shows an example of one of the masks used. 
Following exposure and developing, photoresist was applied to the rear of the wafer in 
order to protect the ohmic contact (fig 3.6f).
Etching of the silicide was performed using a polysilicon etch containing H N 0 3 H F  and 
deionised HjO in the ratio 20:1:50. This was followed by removing the resist (fig 3.5h) 
and measuring the ’height’ of the resulting mesa structures ,each time, using an alphastep 
in order to verify that etching had in factbeen successful. Fig 3.8 is an alphastep 
recording made across 2 device structures following a 4 minute etch. From the vertical 
axis it can be seen that etching takes place well into the substrate.
I N  and C N  measurements were made on the samples as described in section 3.2.
M IC R O ST R U C T U R E  A N D  R E S IS T IV IT Y  O F  D O P A N T  IM P L A N T E D  CoSi2.
In this section of the chapter the experiments carried out to investigate the microstructure
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and resistivity of CoSi2 layers implanted with arsenic, antimony and indium are described.
a) Im planta tion
T wo implantation stages were required to produce the silicide layer containing the 
dopant. Firstly cobalt was implanted at an energy of 200keV, into three inch device grade 
(100) n-type silicon wafers doped with phosphorus to a concentration 5 x 1014P+cm-3 as 
described earlier. Doses were chosen by analysing the results of the dose/crystallinity 
investigations (see section 4.2) and deciding which layers displayed the best crystallinity. 
This resulted in doses of 4 and 5 x 1017Co+cm-2being chosen.
The next stage involved cleaving the implanted areas into a number of smaller areas. For 
each implant at least one of the samples was then annealed at 600°C for one hour and 
then at 1000°C for 30 minutes. These temperatures and times were chosen since they 
resulted in the formation of layers with veiy good crystallinity and very low resistivities 
(see section 4.2). Following this it was necessary to determine the thicknesses of the 
silicide layer and any silicon overlayer that existed in the ’as implanted’ and annealed 
samples. This was done so that the dopant could be implanted into the centre of the 
silicide layer. In order to predict an implantation energy that would fulfil. this 
requirement the P R A L  computer programme [3.4, 3.14] was used.
From the P R A L  data it was shown that with an energy of 330keV for antimony, 320keV 
for indium and 220keV for arsenic, the peak of the implant would be close to the centre 
of the silicide layer. Details of the implantation parameters, annealing temperatures/times 
and experimental nomenclature are shown in table 3.2. These dopant implantations were 
performed on the 500keV implanter at the University Of Surrey. Doses of dopant were 
chosen that would yield a detectable number of counts when superimposed on a CoSi2 
R B S  spectrum.
After implanting the dopants, the resulting structures were analysed using R B S  and ion 
channelling. Four point probe measurements were also used to obtain sheet resistance 
values for the samples.
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b) A n n ea lin g  procedure f o r  dopant im planted  structures
A  detailed examination of the effects of temperature on the diffusion of dopants was also 
undertaken. To do this the dopant implanted ’as implanted’ silicide structure and the 
dopant implanted annealed silicide structure were subjected to a series of 15 minute 
anneals at temperatures ranging from 200°C to 1000°C. In addition an undoped silicide 
(implanted with 4xl017Co+cm-2) was annealed in the same way. By doing this, the 
changes caused by the interaction of the dopant with the silicide could be examined. For 
the series of anneals mentioned above, a nitrogen flow furnace was used, but the 
experiment was also repeated using a graphite strip heater to look at the effects of rapid 
thermal annealing. With this latter arrangement, anneals at temperatures between 700°C 
and 1000°C were carried out for five seconds.
After each anneal, the sample was analysed using RBS, ion channelling and sheet 
resistance measurements. X T E M  was also carried out on a few selected samples.
c) Segregation o f  the dopant
It will be seen in the next section that as the sample is annealed the implanted dopant 
distribution changes. Quantifying these changes allowed the results to be examined in 
more detail. There were a number of stages involved in the quantification process. These 
are outlined below.
1) The total number of counts, due to the dopant atoms, that could be distinguished from 
the cobalt counts on the R B S  spectra were determined.
2) Depths below the samples’ surface were defined which made it easier to follow the 
segregation of the dopant. The R B S  spectra obtained for the indium and antimony 
samples annealed at the higher temperatures revealed that these dopants were accumulat­
ing at depths corresponding to the lower and upper edges of the silicide layer. Three 
depth regions were then chosen as follows:
Region 1: depths near the upper surface of the sample. (0  -  5 3 0 A )
Region 2 : depths near the centre of the implanted dopant distribution (5 3 0  -1 4 3 0 A )  
Region 3 : depths near the lower interface of the silicide layer. ( 1 4 3 0 A  -  1 8 0 0 A )
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Unfortunately the segregation of arsenic could not be examined in as much detail. Whilst 
it was possible to determine the accumulation of arsenic at the upper surface of the 
silicide it was difficult to do this at the interface with the substrate. This is because 
arsenic at depths corresponding to the lower interface will not yield counts that are easily 
distinguished from cobalt counts.
3) The number of counts due to dopant atoms in each of the three depth regions was 
determined. This number was then expressed as a percentage of the total number of 
counts found in stage 1.
E L E C T R IC A L  C H A R A C T E R IS T IC S  O F  D O P A N T  IM P L A N T E D  CoSi2 
The procedure used to analyse the electrical characteristics of CoSi2 layers implanted with 
the dopants arsenic, phosphorus and boron followed by annealing is described in this 
section.
a) D evice Fabrication
The processing sequence used to fabricate the dopant implanted IBS CoSi2/Si Schottky 
barrier diodes is similar to that shown in fig 3.6(a~h). However, between stages d) and e) 
the front of quarter wafers were implanted with either phosphorus, arsenic or boron. 
Implantation was carried out using the Varian Extrion 200keV implanter at CIME, 
Grenoble. By using the results of P R A L  simulations implantation energies of 35keV, 
90keV and 200keV were chosen for boron, phosphorus and arsenic, respectively, so as to 
place the peak of each dopant distribution at the centre of the silicide layer. With these 
energies arsenic, phosphorus and boron were implanted with the parameters shown in 
table 3.3.
The dopant implanted wafers were cut into smaller samples which were annealed at 
temperatures in the range 400°C - 1000°C for 15 minutes in a conventional furnace with 
an N 2 ambient. Device structures of various dimensions were fabricated, as before, and 
were characterized using I/V measurements.
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b) S IM S  A nalysis
SIMS analysis was carried out in order to gain information about the distribution of each 
dopant within the silicide and underlying silicon before and after annealing. Table 3.4 
indicates the samples analysed using SIMS. For phosphorus, an average sputter rate of 
5A/ second was used whilst for arsenic a lower primary ion current was used giving an 
average sputter rate of 2.1 A/second.
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TA BL E 3.1 Implantation and annealing conditions used in Microstructure and 
Resistivity of1As implanted3 and 3Annealed3 CoSi2 experiments.
Substrate
Orientation
DOSE
Co+ cm 2 
xlO17
Energy o f  Implant 
(keV)
Estimated
Implantation
Temperature
(°C)
600°C/60 
mins and 
600°C/60 
mins + 
1000°C/30 
mins
Sequential
Annealing
200°C
-1000°C/15
mins
Rapid 
Thermal 
Annealing 
700°C - 
1100°C/5 1 
secs.
100 0.7 200 350 * _ [
1.0 * * M
1.5 *
2.0 * *
3.0 * * -
4.0 * * -
5.0 * _
6.0 * _ -
7.0 * -
111 2.0 200 350 * _ !
3.0 * _ -
4.0 * _ -
5.0 * _ *
6.0 * - -
110 2.0 200 350 * _ !
3.0 * _ .
4.0 * _ M
5.0 * _ *
6.0 * - -
* indicates annealing with these conditions was performed 
§ :RTA was performed :900°C for 5,15, 20, 30 and 45 seconds.
:1000°Cfor 5,15,20, 30 seconds
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TABLE 3.2 Implantation and annealing conditions used in microstructure and 
resistivity of dopant implanted CoSi2 experiments. (each line represents a different 
sample).
Pre-dopant
implant
anneal
(600°C+
1000°C)
Cobalt
dose
xlOi7Co+cm-2
Antimony
dose
xl015Sb+cm-2
Arsenic
dose
xlO^As c^m-2
Indium
dose
xl015ln+cm2
Furnace 
Anneal 
15 mins j 
(200°C - 
1000°C)
- 4 5 - - *
- 4 10 - - * i
* 5 5 - - *
* 5 10 - -
* 5 - 5 - *
- 5 - - 10 *
* 5 - - 10 *
* indicates annealing with these conditions was performed
6 6
TABLE 3.3 Implantations performed for electrical characteristics o f dopant
implanted CoSi2experiments.
Dopant Implantation energy 
(keV)
Dose
xlOl3ions cm2
Arsenic 200 0.005
0.01
0.1
0.5
2.0
Phosphorus 90 0.005
0.01
0.1
2.0
150 0.1
Boron 35 0.005
0.1
Annealing at temperatures between 400°C and 1000°C for 15 minutes was performed for 
each dose of each dopant.
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TABLE 3.4 Samples analysed using SIMS in electrical characteristics o f dopant
implanted CoSi2experiments.
dopant Implantation
energy
(keV)
Dose
xl015ions cnr2
Anneal Temp °C
Arsenic 200 2.0 ’As imp’ 
500 
1000
Phosphorus 90 2.0 ’As imp’ 
500 
1000
Phosphorus 150 0.1 ’As imp’ 
500 
1000
Boron 35 2.0 ’As imp’ 
500 
1000
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4.1 IN T R O D U C T IO N
In this chapter the results obtained during the various experiments are presented and 
discussed. In section 4.2, RBS, four point probe and T E M  results are presented showing 
how the microstructure and electrical properties of the ’as implanted’ samples vary with 
dose and substrate orientation. The results obtained for a dose of 2 x 1017Co+cm-2are used 
to compare the experimental cobalt distribution with the simulated cobalt distributions in 
the (100), (111) and (110) substrates. The RBS, four point probe and T E M  results for the 
annealed samples are shown and discussed in section 4.3. Results obtained using both 
conventional and rapid thermal annealing are also shown. In particular changes in the 
crystallinity and the cobalt/silicon ratio are carefully examined throughout the first two 
sections. Schematic diagrams are also introduced at various stages throughout the 
discussions in order to make the explanation of the processes clearer.
The E V  results obtained from measurements of the IBS CoSi2/Si Schottky barrier diodes 
at various temperatures in the range 100 - 400 K  are presented in section 4.4. The 
effective barrier height is calculated in various ways and together with the ideality factor 
is examined across the range of temperatures. A  value for the Richardson constant is also 
calculated. The results obtained from C/V measurements of the IBS CoSi2/Si interface are 
also discussed in this section.
In section 4.5 RBS, four point probe and T E M  results are presented from the analysis of 
’as implanted’ and annealed IBS CoSi2layers implanted with arsenic, antimony and 
indium after annealing at temperatures in the range 300°C - 1000°C. Changes in the 
microstructure and the resistivity of the layers are examined and discussed along with the 
segregation of the dopant.
The final section of the chapter covers the results obtained using SIMS and I /V  
measurements when CoSi2 layers are implanted with the dopants arsenic, phosphorus and
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boron after sequential annealing in the range 400°C - 1000°C. The changes in the barrier 
height of the CoSi2/Si interface and also in the reverse characteristics are examined 
alongside changes in the distribution of the dopant.
4.2 M IC R O ST R U C T U R E  A N D  R E S IS T IV IT Y  O F  'A S  IM P L A N T E D 9 I B S  CoSi2
a) D ependence O f  D ose  
D oses <>2x1017 Co+ c m 2
Fig 4.1.(a-d) shows the random and channelled R B S  spectra for the (100) silicon samples 
implanted with doses of cobalt 2 x 1017 ions cm-2. The lighter shading in each of the 
figures denotes the random R B S  spectrum while the darker shading represents the 
channelled spectrum.
The R B S  random spectra for each of the samples implanted with cobalt can be divided 
into four main regions. To illustrate this, fig 4. la has been labelled with the regions 
marked i,ii,iii and iv. In region (i) (channels 300 - 380) the counts are due to helium ions 
being backscattered by the implanted cobalt atoms. This region, therefore, represents the 
implanted cobalt depth distribution within the silicon. The energy corresponding to a 
1.5MeV He+ ion being backscattered by a surface cobalt atom is shown by the line 
marked Co. Similarly the silicon surface is marked by the Si line. In order to quantify the 
degree of crystallinity within the implanted region the term xCois used, defined as the 
ratio of the yields from channelled and random spectra in region (i). Fig 4.2 shows a plot 
of how Xco varies with the dose for samples implanted with doses <; 2 x 1017Co+ cm-2.
Between channels 232 and 258 (region (iii)) there is a dip in the silicon yield which 
corresponds to a lower concentration of silicon atoms due to the presence of the 
implanted cobalt atoms. From the position of this dip and the cobalt distribution in 
region (i) it can be concluded that the implanted cobalt atoms lie beneath a thin silicon 
overlayer (region (ii)). Counts in channel 231 and below correspond to the silicon 
substrate which lies beneath the lower silicide!silicon interface. From the channelled
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spectra in figures 4. fra-d), the dechannelled yield rises just below the lower silicide/sili- 
con interface. This appears in each of the spectra Fig 4.1 (a-d) and also in the spectra of 
fig 4.6 (a - f). This has been attributed to the presence of defects lying along silicon 
<311> lattice planes [4.1]. The defects are thought to be due to a phase transformation in 
the silicon from the diamond to the hexagonal phase caused by an excess of silicon self 
interstitials. The results here and elsewhere [4.2,4.3] suggest that these effects are 
independent of dose and energy.
Fig 4. fra) shows that for a dose of 2 x 1017Co+cm-2 the implanted cobalt gives rise to a 
gaussian - type distribution within the silicon substrate. For an energy of 200keV the 
peak of the cobalt distribution lies at a depth » 1200 A, with cobalt extending up to the 
surface and also to a depth of » 2600 A  into the substrate.
By determining the heights of the cobalt and silicon random yields, at depths correspond­
ing to the peak of the implanted cobalt distribution, it is possible to calculate the 
cobaltisilicon ratio at this depth corresponding to the peak of the implant. Fig 4.3 shows 
how the value of x in CoSix varies for samples implanted with doses 2 x 1017 Co+ cm-2. 
For the sample implanted with cobalt to a dose of 2 x 1017Co+ cm-2, the value of x in CoSix 
was » 3.5 indicating the formation of either a non-continuous layer of CoSi2or a silicide 
layer which is silicon rich. The T E M  micrograph (fig 4.4) of the sample implanted with a 
dose of 2 x 1017Co+ cm-2 shows that the former is in fact the case with the implanted 
region consisting of a mixture of discrete A- and B  -type CoSi2 precipitates interwoven by 
silicon. This type of non-continuous structure is also seen in samples implanted with 
cobalt to doses lower than 2 x 1017Co+cm-2. As the dose is reduced there is an increase in 
the value of x in CoSix(fig 4.3). It is interesting to compare the results found here with 
those obtained by Mantl et al. [4.4]. If the results from fig 4.3 are plotted on a graph 
showing the % concentration of cobalt against dose then, allowing for a small dosimetry 
error, a linear dependence of cobalt concentration with dose can be seen for doses s 2 x  
1017Co+cm-2. There is also an increase in the value of xCow ith decreasing dose which is 
probably a consequence of the fact that channelling will become increasingly difficult as
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the precipitates of CoSi2become smaller and the implanted layer more discontinuous.
This can be seen for the sample implanted with a dose of 0.7 x 1017Co+cm 2(fig 4.1(d)) 
where the random and channelled yields in regions (i) and (iii) are almost equal.
Fig 4.5 shows the resistivity of the (100) substrates implanted with doses of 0.7, 1.0, 1.5 
and 2.0 x 1017 Co+ cm 2. This clearly shows that there is a large variation in the resistivity 
across this range of doses. The values plotted for the two lower doses correspond with 
sheet resistances significantly greater than the sheet resistance of the silicon substrate 
which is » 280Q/square. For the two higher doses, however, the corresponding sheet 
resistances are lower. The results presented earlier in the discussion indicate that the 
structure of the samples implanted with doses 2.0 x 1017 Co+ cm 2 consists of discrete A- 
and B- type precipitates interwoven by silicon. For the samples implanted with doses of 
0.7 and 1.0 x 1017 Co+ c m 2, the resistivity of the implanted region will be dominated by 
the damaged silicon between the precipitates, the concentration of which will be 
significantly higher for these doses than for those ^  1.5 x 1017 Co+ c m 2. From the high 
resistivities measured for the two lower dose implants it is clear that the damage 
introduced by the cobalt implant must cause a significant degradation in the electrical 
conductivity of the doped silicon.
D oses 2 x  1 017 Co+ c m 2
Fig 4.6a shows that as the dose is increased from 2 x 10l7Co+c m 2to 3 x 1017Co+cm-2the 
implanted cobalt profile becomes less gaussian. The lower value of xCof°r this higher 
dose (70 %  compared to 78% for the sample implanted with 2 x 1017Co+cm-, see fig 4.7) 
suggests a greater concentration of aligned A  - type precipitates within the implanted 
region. This is in agreement with the work of Van O m m e n  et al. [4.5] who found from 
T E M  that the ratio of A  - type precipitates to B  - type precipitates at the peak of the 
distribution increased with increasing dose at 170keV. However, for a dose of 3 x 1017 
Co+ cm-2 there is still insufficient cobalt to synthesise a continuous layer. The value of x in 
CoSixcalculated from our results, for a dose of 3 x 1017Co+cm-2(fig 4.8) is found to be
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2.38 which compares reasonably well with the value of 2.60 obtained by White et al.
[4.6], The small difference (8%) may be due to dosimetry errors or variations in the 
implantation temperature and energy.
Implanting higher doses (4 and 5 x 1017Co+cm-2) results in a siliconxobalt ratio which is 
close to 2. Figs 4.6c and 4.6d indicate that for these doses a continuous silicide layer is 
formed before any post-implantation annealing has been carried out. For the sample 
implanted with a dose of 4 x 1017Co+cm-2the value of x in CoSixwas 1.9, indicating that a 
slightly lower dose of cobalt would allow a continuous layer of stoichiometric CoSi2to 
form, for an implant performed with this energy. The T E M  micrograph of the sample 
implanted with a dose of 5 x 1017Co+cm-2(fig 4.9) shows that for this dose, the CoSi2 layer 
extends right up to the silicon surface. In addition the value of x in CoSixfalls to 1.6 for 
the sample implanted with this dose. The excess cobalt at the peak of the distribution is 
most likely accommodated in the form of small CoSi inclusions. Similar results have 
been found by De Veirman et al. [4.7] and Zheng quang Tan et al. [4.8] who implanted 
doses of 7 x 1017Co+cm-2 at 350keV and 8 x 1017Co+cm-2at 165keV respectively. It can 
also be seen from figs 4.6c and 4.6d that once the the disilicide layer becomes 
continuous, the dechannelled yield decreases. This is because it is easier to channel in the 
aligned, epitaxial CoSi2 layers fabricated with doses of 4 and 5 x 1017Co+cm-2than in the 
non-continuous structures observed for the lower doses. It is interesting to note the degree 
by which the crystallinity improves as the dose is increased to 5xl017Co+c m 2. For 
example, between a dose of 2xl017 Co+cm-2 and 5xl017 Co+cnr2 there is a difference of 
55% in the value of Xc0.
The reason for the small difference in the xCo values obtained from figs 4.6c and 4.6d can 
be partially explained if one considers the upper region of the cobalt distribution for each 
spectrum. The increase in the dechannelled yield towards the upper region of the cobalt 
distribution in fig4.6c is probably due to the existence of CoSi2 precipitates and defects 
within the silicon overlayer. From fig 4.6d it can be seen that the CoSi2 layer now extends 
right up to the silicon surface. Apart from these differences, both sets of spectra reveal a
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similar profile in the lower regions of the cobalt distribution. The relatively high degree 
of dechannelling in this ’tail’ region is probably due to the presence of B-type CoSi2 
precipitates below the silicide layer and defects lying along silicon <311> lattice planes. 
This is in agreement with the work of Van O m m e n  et al. [4.9].
As the dose is increased still further, silicon is preferentially sputtered away from the 
surface of the silicide layer to leave a region which is rich in cobalt. This is shown in figs 
4.6e and 4.6f for doses of 6 and 7 x 1017 Co+cm-2. Fig 4.10 shows a T E M  micrograph for a 
sample implanted with a dose of 6 x 1017 Co+cm-2,from which it can be seen that the 
surface of the sample is made up of CoSi grains which overlie a layer of epitaxial CoSi2. 
As the dose is increased the thickness of the layer of CoSi grains increases leading to a 
high degree of de-channelling. The value of xCocalculated from the spectra in(fig 4.6f 
was 91%, a value which is higher than that obtained for the 2xl017 Co+cm-2 ’as implanted’ 
sample. The structures of the different ’as implanted’ samples are shown in the schematic 
(Fig 4.11) illustrating a cross section of the implanted region for each dose.
Fig 4.12 curve (a) shows the variation in resistivity for layers fabricated in the (100) 
substrate. It can be seen that there is a large difference in resistivity for the ’as implanted’ 
samples. For example, the (100) sample implanted with a dose of 5 x 1017Co+cm-2 has a 
resistivity of 51p,Qcm , which is considerably lower that of 410p,Qcm for the sample 
implanted with a dose of 2x 1017Co+cm-2. The latter value corresponds to a sheet 
resistance of 37.5Q/square which is in close agreement with the value of 39.3Q/square 
calculated by Jebasinki et al. [4.11].
For the low dose implants, the discontinuous nature of the implanted layer contributes to 
the relatively high resistivity. As the concentration of CoSi2 precipitates increases, the 
layer becomes more continuous and the resistivity decreases. When the cobalt:silicon 
ratio is close to 1:2 as is the case for the 4 and 5x1017implants the resistivity reaches a
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minimum. For the high dose implants, an increase in resistivity is observed for layers 
fabricated in all three substrate orientations, probably due to the presence of the CoSi 
inclusions, CoSi having a higher resistivity than CoSi2.
It is interesting to compare some of these results with those obtained by implanting doses 
2, 4 and 7 x 10,7Co”cm-2at 350keV [4.3]. The effect of increasing the energy of the 
implant from 200keV to 350keV is to shift the peak of the implant to a depth of 1750A  in 
the substrate. Because of the higher degree of straggling at 350keV, the volume 
concentration of cobalt is lower at the peak of the distribution than that for the 200keV 
implant. For the sample implanted with a dose of 2 x 1017Co”cm-2, implantation at 
350keV produces a structure in many ways similar to that obtained by implantation at 
200keV, with the implanted region consisting of discrete precipitates surrounded by 
silicon. However, the value of x in CoSixis calculated to be 4.7 indicating that the layer is 
more discontinuous resulting in more dechannelling and a higher value for %Co (87%). For 
the layer implanted with a dose of 4 x 1017 Co” cm-2 at 350keV, T E M  shows a continuous 
layer of CoSi2 containing silicon inclusions, as evidenced by a slightly substoichiometric 
cobalt:silicon ratio. Considerable differences exist in the ’as implanted’ structure for the 
sample implanted with a dose of 7 x 1017Co” cm-2 at 350keV to that implanted with the 
same dose at 200keV. Because the concentration of the cobalt at the peak of the 
distribution is lower for the higher energy implant, CoSi inclusions form at the peak of 
the distribution rather than at the surface. It is found that for the sample implanted with a 
dose of 7 x 1017Co+ cm-2 at 350keV the type of structure formed is similar to those formed 
by implanting doses of 4 and 5 x 1017 Co” cm 2 at 200keV.
There are also interesting differences in the resistivity between implants performed at 
200keV and those performed at 350keV [4.3]. For doses of 2 and 4 x 1017Co”cm-2, the 
resistivity of the implanted region in the (100) substrate changes as the implantation 
energy is increased from 200keV to 350keV. In particular, the resistivity of the layer 
fabricated by implanting a dose of 4 x 1017Co”cm-2 at 350keV is significantly greater than 
that fabricated at 200keV. For this dose, the layer fabricated at 350keV contains silicon
8 8
inclusions because of the broader cobalt distribution. In contrast to this, implanting a dose 
of 7 x 1017Co+cm-2 at 350keV results in a layer with a much lower resistivity than that 
obtained when the dose is implanted at 200 keV. This is because at the higher energy 
there is no surface layer of CoSi grains although some CoSi inclusions are found at the 
peak of the implanted distribution.
b) Dependence of Orientation
Simulation
The program ’Crystal’ [4.10] was used to simulate the effects of cobalt implantation since 
it allows targets to remain single crystal for the duration of an implant. This is important 
since the results of the previous section have shown that the silicide layer grows 
epitaxially within the substrate during implantation at 350°C thus allowing the substrate 
to retain its single crystal nature. Targets in the simulation were also tilted at an angle of 
7° corresponding with the implantation conditions used in the experiments described 
here.
Fig 4.13(a - c) shows the cobalt distributions in (100), (110) and (111) silicon obtained by 
simulating implantation of cobalt at 200keV. It can be seen that there are significant 
differences in the distributions. Particularly apparent is the large channelling tail observed 
for the (110) sample. The differences are made clearer by plotting the results of fig 4.13 
on a concentration versus depth scale (fig 4.14a). This shows that the peak of the (111) 
distribution is higher than those of the other distributions. There is also a shift of the peak 
with crystal orientation, the (111) substrate having a peak closest to the surface and the 
(100) substrate having the deepest peak. In addition the cobalt distribution appears to be 
more symmetrical for the (100) substrate.
The experimental concentration versus depth plot is shown in fig 4.14b. The results 
plotted are obtained from the random R B S  spectrum of a sample implanted with a dose of 
2 x 1017Co+cm-2. The depth scale is shown in arbitrary units because it is difficult to
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obtain accurate stopping factors for a cobalt distribution that is continuously varying with 
depth. Comparison of fig 4.14a with fig 4.14b shows good agreement between the model 
and the experimental results.
Fig 4.15(a -f) show the random and channelled spectra of (110) and (111) substrates 
implanted with doses of 2, 4 and 5 x 10I7Co+cm-2.The effect of the substrate orientation 
on the implantation of the cobalt has important consequences for the formation of the 
synthesised layer as will now be shown.
Doses <.3 xlO17 Co+ cnr2
A  comparison of the three substrate orientations implanted with cobalt to a dose of 2 x 
1017Co+cm-2(figs 4.15a, fig 4.15d and fig 4.6a) shows that the shift in the peak of the 
cobalt distribution with substrate orientation causes a reduction in the thickness of the 
silicon overlayer with the thinnest layer observed for (111) silicon. The effect is made 
clearer by studying the R B S  spectra of annealed samples (see section 4.3). For the 
samples implanted with doses of 2 and 3 x 1017Co+cm-2the volume concentration of 
cobalt at the peak of the distribution increases in the order (100) to (110), with the highest 
concentration found in the (111) sample (see fig 4.16). This agrees well with the 
simulations described above. The higher volume concentration of cobalt for the (111) 
substrate contributes to a more continuous structure and also probably to a higher 
concentration of A  - type precipitates in the synthesised region. Fig 4.17 shows clearly 
that the trend in xCovalues follows that of the cobalt:silicon ratios for each dose. The 
crystallinity appears to be certainly better for the (111) orientation.
Doses 4x1017 Co+ c m 2
Figs 4.15b and 4.15e show that the silicon overlayer has been sputtered away after 
implanting a dose of 4 x 1017 Co+ cm-2 into the (111) and (110) substrate orientations. In 
addition for these substrate orientations the layers fabricated have cobalt:silicon ratios
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closest to the stoichiometric values (see fig 4.16) and display the best crystallinities. Fig 
4.17 shows that there is a large difference («20%) in the values between the (100) and 
(111) substrate orientations.
Increasing the dose to 5 x 1017 Co” cm 2 results in an improvement in crystallinity for the 
(100) orientation but a slight deterioration for the other two orientations. For the samples 
implanted with a dose of 5 x 1017 Co” c m 2 there is also a clear difference in the layer 
thickness which varies from 1200A for the (111) lattice, through 1320A for the (110) 
lattice to 1550A for the (100) lattice. In addition implanting this dose at 200keV is 
sufficient to allow the synthesised region to reach the surface for all three substrate 
orientations. For each orientation a proportion of the implanted cobalt will be sputtered 
away from the surface resulting in a retained dose which is less that the implanted dose. 
The trend in retained dose with substrate orientation follows that of the layer thicknesses, 
the values being equal to 4.8,4.5 and 4.0 x 1017 Co” c m 2for the (100), (110) and (111) 
orientations respectively. This again reflects the greater proximity to the surface of the 
synthesised region formed in the (111) and (110) substrates.
For samples implanted with doses of 2, 3 and 4x 1017Co”cm-2, the trend in the variation 
of resistivity with substrate orientation (fig 4.12) was found to be slightly different to that 
of the trend in the variation of Xc0with substrate orientation. Although the layers 
fabricated in (111) silicon, with these doses, displayed the lowest resistivities, the (110) 
layers had higher resistivities than the (100) layers. For doses of 2 and 3 x 1017Co”cm-2, 
the higher concentration of cobalt for the (111) layer may have contributed to a lower 
resistivity. However, this may be an oversimplification since the cobalt:silicon ratios are 
more or less the same for the dose of 4 x 1017Co”cm-2. To explain this and the reason why 
the ’as implanted’ (110) layers have higher resistivities is an area requiring further 
research. Jebasinki et al. [4.11] also found that for a dose of 2x 1017Co”cm-2implanted at 
200keV the sheet resistance was lower for the (111) layer than for the (100) layer.
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However, the dependence of resistivity on orientation was not investigated for higher 
dose implants. There have been no other investigations examining the changes in the 
resistivity of ’as implanted’ layers across a large range of doses.
There was little difference in the values of resistivity for the samples implanted with a 
dose of 5x 1017Co+cm-2 across the three orientations. However, for samples implanted 
with a dose of 6x 1017Co+cm-2the highest resistivities were seen for the (100) layers in 
agreement with the trend seen in the variation of xCowlth dose across the three substrate 
orientations.
95
SECTION 4.3
M IC R O ST R U C T U R E  A N D  R E S IS T IV IT Y  O F  ’A N N E A L E D  9 I B S  C o S tf  *
a) A n n ea lin g  a t 600°C  fo r  1 hour  
D oses <, 2 x lO 17 Co+ c m 2
Fig 4.18a - d shows the random and channelled spectra for (100) single crystal 
silicon substrates implanted with doses <; 2 x 1017Co+ cm 2 after annealing at 600°C for 1 
hour. For the sample implanted with a dose of 2 x 1017 Co+cm-2the value of xCohas 
decreased from its ’as implanted’ value of 78% to 67% after annealing at 600°C (fig 
4.19). This is most likely due to the transformation of B  - type to A  - type precipitates, 
annealing out of damage and movement of cobalt onto substitutional sites. The shape of 
the cobalt profile has also changed, slightly, as the cobalt at the wings of the distribution 
starts to move towards the centre of the implanted region. The shoulders on the sides of 
the distribution are thought to be caused by bands of precipitates on either side of the 
main layer. The redistribution of the cobalt, against the concentration gradient, is 
probably due to thermodynamically controlled precipitate dissolution and gettering. In 
this process the smaller CoSi2 precipitates in the wings of the implanted distribution 
become thermodynamically unstable and dissolve as the anneal temperature is increased. 
The cobalt released by this dissolution is then gettered by the larger more stable 
precipitates. Precipitate gettering after annealing at 600°C has also been observed by Hull 
et al. [4.12] for subthreshold dose implants performed at lOOkeV.
After annealing at 600°C for 1 hour, there is a 15 - 20 %  reduction in the value of x in 
CoSix(fig 4.20) with respect to the ’as implanted’ value, for the samples implanted with 
doses s 2 x  1017Co+cm-2. The values of xCofor the samples implanted with doses of 1.5 
and 2 x 10I7Co+cm-2were also lower than for those found for the two lower doses for 
which the volume concentration of cobalt in the implanted region was considerably 
lower.
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The resistivity values for (100) substrates implanted with doses <; 2 x 1017Co”cm-2, after 
annealing at 600°C for 60 minutes are shown in fig 4.21 (curve a) The results of section
4.2 indicated that for the doses of 0.7 x 1017 Co”cm 2and 1.0 x 1017Co” cm-2the resistivity 
o f the synthesised region (’ as implanted’) is dominated by the damage introduced by the 
cobalt ion. After annealing at 600°C the sheet resistance for these samples is close to the 
sheet resistance o f the substrate.
Doses ^ 2 x  1017 Co+ cn t2
As the dose is increased from 2 to 3 x 10l7Co”cm-2 there is a much more dramatic change 
in the cobalt profile after annealing at 600°C. This is shown in the random spectrum of 
fig 4.22b which clearly displays a ’pulling in’ effect with a continuous layer of 
stoichiometric CoSi2 being formed at the peak o f the distribution. The reason for this 
larger change is due to the fact that for a dose o f 3 x 1017 Co” cm-2
larger precipitates have grown at the peak of the distribution during implantation creating 
a much more significant gradient in precipitate size which annealing will enhance leading 
to the formation o f a layer. The effect has been noticed by Dekempeneer 
et al. [4.13].
For samples implanted with doses o f 4 and 5 x 1017 Co” cm 2 annealing at 600°C has the 
effect o f redistributing the excess cobalt from the peak of the distribution to the edges o f 
the implanted region. This results in a more rectangular cobalt profile (see figs 4.22c and 
4.22d) and an improvement in crystallinity. Curve a ((100) substrate) in fig 4.23 shows 
that the values of Xc0 calculated for samples implanted with doses o f 4 and 5 x 1017Co” 
cm-2were much lower than those for the lower doses. However, there is still dechannel­
ling in the wings of the distribution most likely arising from defects and CoSi2 
precipitates.
For the highest doses (6 and 7 x IO17 Co” cm 2)fig 4.22e and 4.22f show that there is a 
clear reduction in the de-channelled yield at the front of cobalt distribution. The 600°C 
anneal causes a marked improvement in the crystallinity as the CoSi grains at the surface 
o f the synthesised layer begin to transform into CoSi2 and the cobalt released by this
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Fig 4.21 Variation of resistivity with dose for (100) silicon samples implanted with 
cobalt to doses 2 x 1017Co+cmr2at 200keV after annealing at a) 600°C for 
1 hour and b) 600°C/1 hour + 1000°C/30 minutes.
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Fig 4.23 Variation o f %c0 with dose for (100) silicon samples implanted
with doses & 2 x 1017Co+cm 2 after annealing at 600°C.
Fig 4.24 Variation o f x in CoSixwith dose for (100) silicon samples implanted with 
doses s 2 x 1017Co+cm-2after annealing at 600°C.
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process migrates towards the back interface o f the silicide layer. Because o f these factors 
the crystallinity improvement is greater for the high dose implants than for the 
intermediate dose implants. For example, xCochanges by 15% from the ’ as im­
planted’value for the sample implanted with a dose of 5 x 1017 Co” cm 2 whilst the change 
is 27% for the sample implanted with a dose of 7 x 1017Co+cm-2. Changes in the cobalt to 
silicon ratio after annealing at 600°C for 1 hour are shown in fig4.24 and the variation of 
structure with dose after annealing at 600°C for 1 hour is shown more clearly in the 
schematic fig 4.25.
Values of resistivity for the (100) samples implanted with doses s 2 x  1017 Co” cm-2 after 
annealing at 600°C (1 hour) are shown in fig 4.26 (curve a). The general trend in 
resistivity is the same as that for xCo- Large drops in resistivity are seen for the samples 
implanted with doses o f 2 x 1017 Co” cm-2 and 3 x 1017 Co” cm-2 after annealing at 600°C.
For example, for a dose of 2 x 1017Co” cm-2the (100) sample has a resistivity o f 409p,Qcm 
after implantation, which drops to 61p,Qcm after annealing at 600°C. Similar large 
resistivity changes after the 600°C anneal are also displayed by the higher dose samples ( 
s: 6 x 1017Co”cm-2). The reduction in the concentration of CoSi both within the CoSi2 
layer and above it will contribute to a lower resistivity value, after annealing, for these 
samples. For all continuous layers the effect o f annealing will also contribute to a 
lowering in resistivity since a more ordered CoSi2 lattice will provide a better conducting 
path.
Dependence O f O rien ta tion
For samples implanted with doses in the range 2 - 6 x 1017Co”cm-2, annealing at 600°C 
for 1 hour produces large changes in the structure o f the layers formed in the (111) and
(110) orientations which result from many of the processes already described for the 
(100) orientation. In section 4.2 it was shown that for doses between 2 - 4 x 10l7Co”cm-2, 
the values of Xc0were lower for layers fabricated in (111) and (110) substrates than for 
those fabricated in (100) substrates. Curves b ((111) substrate) and c ((110) substrate) in 
fig 4.23 show that this trend is continued when the samples are annealed at 600°C. A
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Fig 4.25 Schematic illustrating the variation o f structure with dose for cobalt 
implanted into silicon after annealing at 600°C for 1 hour.
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Fig 4.26 Variation of resistivity with dose for (100), (111) and (110) silicon samples
implanted with cobalt to doses & 2 x  1017Co+cm-2at 200keV after annealing 
at a) 600°C for 1 hour and b) 600°C/1 hour + 1000°C/30 minutes.
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similar trend was also seen by White et al. [4.6] who found that for doses of 1, 2 and 3 x 
1017Co+ cm 2crystallinity was better in the (111) orientation than in the (100) orientation 
after annealing at 600°C. For the doses o f 3 and 4 x 1017Co+cm-2, this is interesting in 
view of the fact that the cobalt to silicon ratios are almost equal for these doses across the 
three substrate orientations (fig 4.24). The values of %c0inay be lower for these doses due 
to the fact that growth of aligned CoSi2preciptiates occurs more easily in the (111) and
(110) orientations than in the (100) orientation. However, without further results to 
confirm this, such an explanation remains speculative. It is also worth noting that for a 
dose of 3 x 1017Co+cm-2the silicon overlayer is thicker in the (100) orientation and for a 
dose of 4 x 10l7Co+ cm-2 it is absent in the case o f the (111) and (110) orientations. There 
was also a much smaller difference between the values o f xCof°r the (111) and (110) 
layers, after annealing at 600°C, than observed previously for the ’as implanted’ (111) 
and (110) layers. For the samples implanted with doses ;» 5 x 1017Co+cm-2the trend of 
(100) layers having higher xCovalues than both the (111) and (110) layers is not 
continued, as was found to be the case for the ’ as implanted’ samples. The most 
important factor determining crystallinity for these doses is likely to be the excess cobalt 
in the synthesised region.
The (111) and (110) samples displayed the same general trend in resistivity with dose 
after annealing as the (100) samples (fig 4.26). After annealing at 600°C the variation in 
the value o f the resistivity with orientation, for a dose of 2 x 1017Co+cm-2, was the same 
as that for the ’as implanted’ samples. For this dose, the peak concentration o f cobalt, in 
the layer fabricated in (111) silicon is higher than that in the other two orientations 
leading to a more continuous layer. For a dose of 3 x 1017Co+cm-2the lowest resistivity 
was found for the (100) orientation although the value o f x in CoSixwas «  2 for all 
orientations. This indicates that CoSi2layers fabricated in (100) silicon have superior 
conductive properties to layers fabricated in the other two orientations. It is interesting to 
note that for a dose of 3 x 1017Co+cm-2, the (100) orientation displayed a lower resistivity 
despite having a higher xCo value than the other two orientations (fig 4.23). For the 
intermediate doses, after annealing at 600°C, the layers fabricated in (100) silicon have
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the lowest resistivity values, while the (110) layers have the highest. For a dose o f 6 x 
1017Co+cm-2the resistivity values were approximately equal for all three orientations. In 
this case, the lower resistivity o f the CoSi2 formed in the (100) silicon was offset by the 
surface layer o f CoSi grains, which were not fully removed after annealing at 600°C, as 
indicated by fig 4.22
b) A nne a ling  a t 600° C  fo r  1 h o u r and 1000° C  fo r  30 m inutes.
Doses <,2 x lO 17 Co+ cm 2
Figs 4.27(a-d) show the random and channelled spectra for samples implanted with doses 
o f ^  2 x 1017Co+cm2after annealing at 600°C/lhour + 1000°C/30 mins. It can be seen 
that annealing at 1000°C has a major effect on the cobalt distribution.
For the samples implanted with doses o f 1.5 and 2 x 1017Co+cm-2, the profile now has a 
much more rectangular appearance and the values o f x in CoSix(fig 4.28 ) are equal to 2.2 
and 2 for the two samples respectively. Annealing at 600°C/1 hour + 1000°C/30 minutes 
therefore, appears to be sufficient to anneal out most of the defects and damage at depths 
corresponding to the tail o f the implant profile and to allow virtually all o f the cobalt in 
this region to migrate towards the peak of the distribution. Similar results are found in 
refs [4.2 - 4.6, 4.9, 4.11 - 4.13] after annealing at a temperature o f 1000°C for the same or 
differing durations. The TEM micrograph of the sample implanted with a dose o f 2 x 1017 
Co+cm-2(fig 4.29) shows that the precipitates in the wings o f the cobalt distribution 
completely dissolve after annealing at 600°C/1 hour + 1000°C/30 mins. This leads to a 
substrate which is free from detectable cobalt and a silicon overlayer which is also free 
from cobalt (i.e below the detection limits o f RBS or SIMS (» 1015 atoms cm-3[4.14]). The 
synthesised layer now consists o f high quality epitaxial CoSi2in alignment with the 
substrate as the low values o f %Coindicate. In some places TEM shows that the interface is 
perfectly flat whilst in other places small steps o f the order 150 A are observed. The steps 
are thought to be due to the faceted precipitates which coalesce to form the continuous 
layer during annealing. [4.9]
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Fig 4.27 : Random and channelled RBS spectra o f  (100) silicon
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For the samples implanted with doses of 0.7 and 1.0 x 1017Co”cm-2, the volume 
concentration of cobalt at the peak of the distribution is still significantly lower than that 
required to form a continuous layer after annealing at 1000°C (fig 4.28). The cobalt is 
most likely to be in the form of discrete aligned CoSi2 precipitates in the silicon matrix 
similar to the results of refs [4.15,4.16] for sub-stoichiometric implants after annealing at 
1000°C. This is consistent with the values of Xc0 which were found to be significantly 
lower for these doses after annealing at 1000°C.
After annealing at 600°C/1000°C the sheet resistance of the sample implanted with a 
dose of 1 x 1017 Co” cm 2 is slightly lower than that of the substrate resistance (fig 4.21, 
curve b). As previously discussed in section 4.2 the implanted region consists of discrete 
CoSi2 precipitates surrounded by silicon. From an electrical point o f view the region 
consists o f semiconducting and metallic conducting regions and since conduction will be 
better in the latter, intuitively the resistance of this region will be lower. This is probably 
due to conduction within the aligned CoSi2precipitates. Fig 4.21 highlights the large 
change in resistivity between the samples implanted with doses o f 1 and 1.5 x 1017Co” 
cm 2. For the doses of 1.5 and 2 x 1017 Co” cm-2 values of resistivity were 151p,Qcm and 
60|nQcm respectively after annealing at 600°C for 1 hour and 18pQcm and 16p,Qcm 
respectively after annealing at 600°C/1 hour + 1000°C/30 mins. Interestingly, Mantl et al. 
[4.4] obtained a value of 14pQcm for a dose of 2 x 1017Co” cm-2implanted at 200keV and 
annealed in the same way. The discrepancy between this result and the result in this thesis 
are within the limits of experimental error but the difference may also be partly explained 
by the calculated thicknesses of the layers in each work (700A and 800A respectively) 
which are in the same ratios as the resistivities.
Doses s> 2 x lO 17 Co+ cm 2
Fig 4.31a-f shows the random and channelled spectra for the (100) substrates implanted 
with doses & 2 x 1017 Co” cm 2 after annealing at 600°for 1 hour and 1000°C for 30 
minutes. For all doses in this range, the cobalt has redistributed to give a continuous
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CoSi2 layer and the cobalt profile has a rectangular appearance. This was not found to be 
the case for the lower temperature anneal. For doses o f 2 - 4 x 1017Co+cm-2 cobalt 
migrates to the upper silicide/silicon interface as well as the lower interface.
For doses of 5-7 x 1017Co+cm-2 the migration of the excess cobalt released by the reaction 
2CoSi -> CoSi2+ Co, to the lower silicide interface results in layers o f increased 
thickness. It was estimated that, after annealing, layer thicknesses increased by between 
9 and 27%, for samples implanted with doses o f 4-7 x 1017 Co+cmr2. The layer fabricated 
with the highest dose displayed the greatest increase and had a final thickness 1800A 
calculated from RBS. For the lower dose implants (< 4 x 1017Co+cm-2) the migration o f 
cobalt inwards, from precipitates at the edges o f the implanted region, results in much 
thinner layers. For example, the layer fabricated with a dose o f 2 x 1017Co+ cm*2 annealed 
at 1000°C, has a thickness calculated from the RBS of «  800A. Maex et al. [4.17] also 
measured a thickness o f 800 A for a CoSi2 layer fabricated with similar processing 
conditions (except the beam current density which was not stated precisely). The 
variation of structure with dose after annealing at 600°for 1 hour and 1000°C for 30 
minutes is shown more clearly in the schematic of fig 4.32.
After the 1000°C anneal, the layers fabricated with doses & 3 x  1017Co+cm-2have a mean 
resistivity o f 13.7pQcm with a standard deviation o f 0.5pQcm, in good agreement with 
those found in the literature (10 - 15pQcm) [4.4, 4.6, 4.19, 4.20]. There is found to be 
little variation in resistivity across the range of doses after annealing at 600°C/ 1 hour
+ 1000°C/30 minutes fig 4.26 curve d.
Dependence O f O rien ta tion
The behaviour of the implanted region in the (111) and (110) substrates was similar to 
that in the (100) substrate after annealing at 600°C/60 1 hour + 1000°C/30 minutes. The 
shift o f the peak of the distribution with substrate orientation discussed in section 4.2 is 
highlighted more clearly by examining the difference in the silicon overlayer thicknesses 
for layers fabricated in the three substrate orientations (fig 4.33) after annealing at
114
Annealed 600C  1hr + 
1000°C 30 min
Low Doso 
2-3 x 10 '7
E p itax ial C o S i ,  L ayer, C o S i ,  ppt 
rem oved  from  o v e r lay e r  & 
su b s tra te
E p itax ial C o S i2 L aye r, C oSi —»- 
C o S i ,  e x c e s s  Co to back  
in terface , C o S i? pp t rem oved
Fig 4.32 Schematic illustrating the variation o f structure with dose for cobalt
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3000 _
Fig 4.33 Random RBS spectra of (100), (111) and (110) substrates implanted with 
cobalt to a dose o f 2 x 1017Co+ cm 2 at 200keV after annealing at 600°C/1 
hour + 1000°C/30 mins. solid line = (100) Si, dashed = (110) Si and dots =
(111) Si.
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600°C/ 1 hour + 1000°C/30 minutes. The overlayer thicknesses were «  640A, 480A
and 430A for the (100), (110) and (111) substrates respectively. It is also found that the 
dechannelled yield for the silicon overlayer is higher for the (111) orientation than for the 
(100) and (110) orientations indicating the silicon overlayer is o f higher quality for the 
latter two orientations. This is consistent with the work of Bulle - Lieuwma et al. [4.19] 
who found using TEM, that for the (111) orientation, the overlayer was heavily twinned.
Fig 4.34 shows how the value of Xc varies with dose for the layers fabricated in (100),
(111) and (110) substrates. For all three substrate orientations the values after annealing 
at 1000°C are clearly lower than those found after annealing at 600°C. Values o f Xcowere 
also lower for the (111) and (110) orientations after annealing at 1000°C. This is in 
agreement with White et al. [4.6] who also found that after a 1000°C anneal, the 
crystallinity o f the CoSi2 layer was better for (111) silicon than in (100) silicon. This may 
be because there is a significant improvement in the quality o f the silicide/silicon 
interfaces for the (111) and (110) substrates, after annealing at 1000°C. TEM analysis
[4.18] has shown that IBS CoSi2layers fabricated in (111) silicon with a dose of 2 x 1017 
Co+cm-2at 200keV have smoother interfaces with fewer, smaller steps than similar layers 
fabricated in (100) silicon. This is consistent with the work o f Bulle - Lieuwma et al.
[4.19] and Radermacher et al. [4.20] who have obtained similar results and have 
attributed this to the fact that precipitates in (111) silicon are hexagonal in shape and have 
their longer facets parallel to the surface whereas those in (100) are rhombohedral and 
will coalesce to form layers with less smooth edges.
After annealing at 600°C/1 hour + 1000°C/30 mins the general trend was for the (100) 
and (110) layers to have the lowest and highest resistivities respectively, for each dose in 
the range 2 - 6 x 1017Co+cm-2(fig 4.26). The value of resistivity for the (100) orientation 
was «  2pQcm lower than that obtained for the (110) orientation and «  1 jxQcm lower than 
that for the (111) orientation. The resistivity/orientation variation is in contrast to that
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Fig 4.34 - Variation o f Xcowlth dose for (100), (111) and (110) silicon samples 
implanted with cobalt to doses ^ 2 x  1017 Co” cm2 after annealing at 
600°C/60 minutes and 1000°C/30 minutes.
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seen for the variation in the value o f xCowhich was lowest for the (111) orientation. These 
results are in agreement with refs [4.4, 4.6] in which (100) layers are found to display 
superior electrical conduction but higher %mmand xCovaUes than (111) layers.
c) Sequentia l A nnea ling  200°C  -1 0 0 0 ° C  fo r  15 m inutes
Fig 4.35 shows random and channelled spectra o f the (100) substrate implanted with 
doses o f 4 x 1017 Co+cm 2 after sequential annealing at temperatures o f a)200°C, b)
500°C, c)600°C, d)700°C and e)900°C for 15 minutes. After annealing between 200°C 
and 500°C, the RBS spectra are similar to those obtained for the ’as implanted’ structure 
(fig 4.6c). After annealing at 600°C the de-channelled yield over most o f the spectrum is 
lower and as fig 4.36 indicates, there is a significant change in the value o f xCo(between 
the spectra obtained for annealing at 500°C and 600°C). There is redistribution of cobalt 
away from the peak to give a more rectangular profile after annealing at 600°C as fig 
4.35c shows. The cobalt distribution also saturates at a level commensurate with 
stoichiometric CoSi2(fig 4.37). However, the tails at the wings of the distribution which 
extend into the silicon overlayer and substrate are still present indicating the presence o f 
CoSi2 precipitates at the upper and lower interfaces of the CoSi2 layer. After annealing at 
700°C, the RBS spectra in the region corresponding to the cobalt distribution are very 
similar to those observed after annealing at 600°C, with a small change found in the 
value o f Xco- However, it appears that the <311> defects in the silicon adjacent to the 
lower CoSi2/Si interface start to anneal out at 700°C, as can be seen from the marked 
reduction in the de-channelled yield in the silicon adjacent to the lower CoSi2/Si 
interface. After annealing at temperatures & 800°C, the cobalt distribution has a much 
more rectangular appearance and the value o f xCohas been reduced still further. Fig 
4.35e also shows that after annealing at 900°C the <311> defects have been largely 
removed.
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Fig 4.36 Variation o f Xcowl1:h annealing temperature for (100) silicon sample
implanted with cobalt to doses o f 1 and 4 x 10l7Co+cm-2 after sequential
Fig 4.37 Variation of x in CoSixwith annealing temperature for (100) silicon sample 
implanted with cobalt to doses o f 1 and 4 x 1017 Co” cm-2 after sequential 
annealing between 200°C and 1000°C for 15 minutes.
121
Interesting changes are also seen for the (100) substrate implanted with a dose of 1.0 x 
1017 Co+cm-2 after sequential annealing at temperatures in the range 200° - 1000°C for 15 
minutes. In contrast to the dose o f 4 x 1017Co+cm 2there is only a relatively small change 
in the value o f xCof°r the sample implanted with a dose o f 1 x 1017 Co+ cm-2 after 
annealing at 600°C. This is because the volume concentration o f cobalt at the peak of the 
distribution is insufficient to form a continuous aligned layer after annealing at 600°C. It 
is only after annealing at 800°C that there is a large change in the value o f x in CoSix(as 
fig 4.37 shows) and there is a corresponding reduction in the value o f xCoat this 
temperature. These results are consistent with Fichtner et al. [4.16] who found that for 1 x 
1016Co+cm-2substoichiometric implants at 200keV, redistribution of the cobalt only 
occurred afer annealing at 850°C.
The variation in the resistivity for layers fabricated with doses o f 1, 2, 3, and 4 x 1017Co+ 
cm*2 after annealing at temperatures in the range 200°C - 1000°C for 15 minutes is shown 
in fig 4.38. For the dose of 1 x 1017Co+cm-2it is apparent from fig 4.38, that annealing at 
500°C allows the removal of the damage introduced during the cobalt implantation 
discussed in section 4.2a. Layers fabricated with doses of 2, 3, and 4 x 1017Co+cm-2 
showed a similar resistivity/annealing temperature variation. For the sample implanted 
with a dose o f 4 x 1017Co+cm-2it is interesting to compare the behaviour of resistivity 
with that o f Xc0after sequential annealing. It has already been shown above that xCo 
decreased by only a small amount after annealing at temperatures in the range 200°C - 
500°C. This is in contrast to the value o f resistivity which falls by more than a factor of 
two between the same annealing temperatures. These results indicate that there is a 
re-arrangement in the bonding configuration within the synthesised region which may not 
necessarily lead to a reduction in channelling but may improve the conductivity of the 
lattice. The variation o f sheet resistivity with annealing temperature is similar to that o f x 
Cofor temperatures & 600°C. This indicates that the process leading to a reduction in 
de-channelling between these temperatures is probably the same as that which leads to 
improved conductivity within the silicide lattice. A possible explanation for the above 
results is that between 200°C and 500°C the implantation damage is annealed out and
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slightly displaced atoms move back onto their lattice positions. However, between 600°C 
and 1000°C there are, in addition to these stoichiometric transformations, precipitate 
dissolution and gettering occurring within the layer.
d) E ffects O f R ap id  Therm al A nnea ling  
Dependence o f  Dose
Rapid thermal annealing at temperatures between 700°C and 1100°C produced signifi­
cant changes in the structure of the ’as implanted’ IBS CoSi2 layers. The random and 
channelled spectra o f (100) substrates implanted with doses of 1.5, 5 and 7 x 1017Co+cmr2 
after annealing at temperatures o f 700°C and 1100°C for 5 seconds are shown in fig 
4.39a-f.
1.5 x  10l l Co+c n t2
For this dose of cobalt, the predominant redistribution process during annealing will be 
the movement of cobalt from the smaller precipitates at the wings of the distribution to 
the larger ones at the peak. Annealing at 700°C for 5 seconds has little effect on the shape 
of the cobalt distribution, as fig 4.39a shows. The profile is essentially gaussian and there 
is a large proportion o f the cobalt on non-aligned sites. The value of Xajs higher than that 
obtained after annealing at 600°C for 1 hour (fig4.40). The value of %Cofa\h steadily with 
annealing temperature and the most significant change in the structure occurs after 
annealing at 1000°C. Despite the apparent effectiveness of RTA, the value of Xc0 is still 
higher than the value obtained after annealing at 600°C/lhour +1000°C/30 minutes 
(33.2% compared to 10.5%). This together with the fact that the value of x in CoSixis 
2.38 (fig 4.41) after the rapid thermal anneal indicates that 5 seconds is insufficient time 
to allow full redistribution to occur. There is also found to be little difference in the value 
o f x in CoSixbetween the 1000°C and 1100°C anneals. Although there have been no other 
publications examining the effect o f RTA on layers fabricated with this dose of cobalt at 
200keV, Radermacher et al. [4.20] found that for a layer fabricated with 2.0 x 1017Co+ 
cm-2 at 200keV the crystallinity o f the layer after annealing at 600°C for 1 hour and
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Fig 4.39 : Random and channelled RBS spectra of (100) silicon samples
samples implanted with cobalt to doses of 1.5, 5 and 7 x id Co cm2 
after rapid thermal annealing (RTA) for 5 seconds at temperatures indicated
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Fig 4.40 Variation of Xc„ with annealing temperature for (100) silicon sample implanted with cobalt
to doses of a) 1.5, b) 5 and c) 7 x 1017Co+cm-2after rapid thermal annealing at temperatures 
in the range 700°C - 1 100°C for 5 seconds. Points d), e) and f) are samples implanted with 
cobalt to doses of a) 1.5, b) 5 and c) 7 x 1017Co+cm-2 respectively after annealing at a 
temperature of 600°C for 60 minutes.
Fig 4.41 Variation of value of x in CoSi* with annealing temperature for (100) silicon sample
implanted with cobalt to doses of a) 1.5, b) 5 and c) 7 x 1017Co* cm2after rapid thermal 
annealing at temperatures in the range 700°C - 1100°C for 5 seconds. Points d), e) and f) 
are samples implanted with cobalt to doses of a) 1.5, b) 5 and c) 7 x 1017Co+cm2 
respectively after annealing at a temperature of 600°C for 60 minutes.
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1000°C for 30 minutes could also be obtained by a two step 750°C/30 second, 1150°C/30 
second anneal. However, a full description of the Si/CoSi2/Si microstructure is not given 
in this reference. In order to quantify the concentration of defects at the lower 
silicide/silicon interface the term Xdeftctjs use4 defined as the ratio o f channelled to 
random yields just below the lower CoSi2/Si interface. Fig 4.42 shows Xdefect3 plotted as a 
function o f annealing temperature and indicates that for a dose o f 1.5 x 10t7Co+cm-2a 
major reduction in the concentration of the defects does not occur until after annealing at 
900°C for 5 seconds.
5 x  1011 C(t cm 2
For the sample implanted with a dose of 5 x 1017Co+cm 2 the main redistribution 
processes with annealing will be the dissolution of the CoSi inclusions in the centre o f the 
layer, as well as the movement o f cobalt released by the dissolution o f CoSi2 precipitates 
beneath the silicide/silicon interface towards the silicide/silicon interface. Rapid thermal 
annealing at 700°C reduces the value o f Xcoto 25%. However, as in the case o f the 1.5 x 
1017Co+cm 2 sample the cobalt to silicon ratio changes only slightly after annealing at this 
temperature. The TEM micrograph of this sample (fig 4.43a) shows that apart from the 
precipitates just below the silicide/silicon interface becoming more clearly faceted, the 
sample is similar to that after implantation. Stoichiometric CoSi2 layers are obtained after 
annealing at 800°C for 5 seconds and after the 1000°C anneal the precipitates just below 
the silicide/silicon interface although still present are much less numerous. It is only after 
annealing at 1100°C for 5 seconds that these precipitates are no longer detectable by 
TEM or RBS analysis (figs 4.43b, 4.40d). An examination o f the TEM micrograph 
shows a dislocation network below the silicide/silicon interface with defects extending to 
a depth similar to that observed in the ’as implanted’ sample. For this sample the values 
o f Xcoafter annealing at 1000°C and 1100°C for 5 seconds are close to those achieved for 
the same sample annealed at 600°C for lhr and 1000°C for 30 minutes. Whether the 
substrate is denuded o f cobalt, after the rapid thermal anneal, to the same extent as it is
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Fig 4.42 Variation of x,rfKtfl with annealing temperature for (100) silicon sample implanted with 
cobalt to doses of a) 1.5, b) 5 and c) 7 x 1017 Co” cm-2 after rapid thermal annealing at 
temperatures in the range 700°C - 1100°C for 5 seconds. Points d), e) and f) are samples 
implanted with cobalt to doses of a) 1.5, b) 5 and c) 7 x 1017Co+cm-2 respectively after 
annealing at a temperature of 600°C for 60 minutes.
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after the longer furnace anneal, is difficult to say. SIMS results providing a sensitive 
measurement o f the Co concentration in the substrate would allow a more accurate 
comparison to be made.
7 x  10X1 Co* cm 2
For this dose, rapid thermal annealing in the range 700° - 1100°C allows the CoSi grains 
at the surface to dissolve and the cobalt to redistribute. Co also diffuses to the layer from 
the CoSi2 precipitates in the silicon beneath the silicide/silicon interface. Comparison of 
fig 4.39e with fig 4.22f(’ as implanted’ RBS spectra) shows that rapid thermal annealing 
at 700°C for 5 seconds reduces the de-channelled yield at the back o f the cobalt 
distribution. The value o f Xc0ls successively reduced after each RTA treatment, as the 
cobalt to silicon ratio approaches 1:2. As for the lower doses, the most significant 
changes in the microstructure are seen only after annealing at the higher temperatures. It 
is found that annealing at 600°C/1 hour + 1000°C/30 minutes reduces the density of 
CoSi2precipitatesbeneath the synthesised region and also removes the CoSi grains above 
the CoSi2 layer. However, a slight hump is still apparent at the front o f the de-channelled 
yield after annealing at 1000°C for 5 seconds, though much smaller than that shown in 
fig 4.39e. It is not until RTA at 1100°C (fig 4.39f) that the distribution is similar to that 
obtained after annealing at 1000°C for 30 minutes. The TEM micrograph of the sample 
implanted with a dose of 7 x 1017Co+cm-2 annealed at 1100°C (fig 4.44b) indicates that 
there are no detectable CoSi2 precipitates in the tail of the distribution and also that the 
CoSi grains at the surface o f the silicide layer are no longer present. The stability o f CoSi 
grains under RTA conditions is not well documented. However, De Veirman et al. [4.7] 
investigated how a layer fabricated by implanting 7 x 1017Co+cm-2at 350keV changed 
during rapid thermal annealing. For these implantation parameters the ’as implanted’ 
layer contained a small fraction (< 10%) of CoSi inclusions. It was found that in this case 
annealing at 900°C for 5 seconds was sufficient to remove the inclusions. This work 
shows that when CoSi grains are formed at the surface with no orientational relationship 
to the CoSi2 layer higher annealing conditions are required to facilitate the stoichiometric 
transformation to the disilicide.
131
132
Fig
 
4.4
4a
) 
TE
M 
mi
cr
og
ra
ph
 
of 
(1
00
) 
sil
ico
n 
sa
mp
le
 
im
pl
an
te
d 
wi
th
 
co
ba
lt
 t
o 
a 
do
se
 
of 
7 
x 
10
17C
o+
c
m
2 a
fte
r 
an
ne
al
in
g 
at 
70
0°
C 
for
 5 
se
co
nd
s.
Fig
 
4.4
4b
) 
TE
M 
mi
cro
gr
ap
h 
of 
(10
0) 
sil
ico
n 
sa
mp
le 
im
pla
nt
ed
 
wit
h 
co
ba
lt 
to 
a 
do
se 
of 
7 x 
10
17C
o+ 
cm
-2 a
fte
r 
an
ne
al
in
g
at 
11
00
°C
 
for
 5 
se
co
nd
s.
Fig 4.45 curves a, b and c shows the variation in resistivity with RTA temperature for 
doses o f 1.5, 5 and 7 x 1017Co+ cm-2respectively. For each dose the largest change in 
resistivity occurs after the 700°C 5 second RTA. It is also worth noting that the values of 
sheet resistivity are higher than those after the 600°C/60 minute anneal indicating the 
importance o f annealing time as well as temperature. In the case o f the sample implanted 
with a dose of 1.5 x 10l7Co+cm-2, resistivity falls from the ’as implanted’ value of 
840p,Qcm to 210pQcm after the 700°C anneal. Such large changes reflect the improving 
continuity of the layer. After annealing at 1000°C for 5 seconds the value of resistivity is 
27pQcm, higher than the value of 19pQcm obtained after the 600°C/1 hour + 1000°C/30 
minute anneal. The sample implanted with a dose o f 5 x 1017Co+cm-2and annealed at 
1000°C for 5 seconds had a resistivity of 15p,Qcm, which is comparable to the 14p,Qcm 
value obtained after conventional annealing at the same temperature for 30 minutes. For 
the highest dose the reduction in resistivity with annealing temperature reflects the 
transformation CoSi -> CoSi2 discussed previously in section 4.3. However, as for the 
low dose sample the resistivity value after the 1000°C 5 second anneal (18pQcm) is still 
slightly higher than that obtained by a two stage furnace anneal (14.3p,Qcm).
There have been few accounts in the literature on the effect of rapid thermal annealing on 
the resistivity o f IBS CoSi2 layers. Sealy et al. [4.21] found that for a dose o f 2.1 x 1017 
Co+cm-2 implanted at T.= 210°C, after annealing for 5 seconds at temperatures between 
900°C and 1200°C produced layers with resistivities similar to those found here. 
Radermacher et al. [4.20] also mentioned that using RTA, resistivity values were about 
lpQcm lower than those for furnace annealed samples. From the work in this thesis, 
however, it can be concluded that similar resistivity values are obtained from furnace and 
RTA treatments providing RTA times > 5 seconds are used (30 - 40 seconds). The errors 
associated with resistivity measurements must also be carefully considered.
Dependence o f  Tim e
The effect o f changing the duration of RTA treatment is also considered for the sample 
implanted with a dose o f 7 x 10‘7Co+cm-2. Fig 4.46a - d shows the RBS
134
Fig 4.45 Variation of resistivity with annealing temperature for (100) silicon samples implanted with
cobalt to doses of a) 1.5, b) 5 and c) 7 x 1017Co+cm-2 after rapid thermal annealing at 
temperatures in the range 700°C - 1 100°C for 5 seconds. Points d), e) and f) are samples 
implanted with cobalt to doses of a) 1.5, b) 5 and c) 7 x 1017Co+cm2 respectively after 
annealing at 600°C for 1 hour.
Table 4.1 Comparison of ciystallinity and resistivity of (100) cobalt implanted samples after rapid 
thermal annealing (RTA) and conventional annealing
Dose 1.5 x 10'7Co+cm-2 5 x 1017Co+cm-2 7 x 10l7Co+cm-2
Xco% P X c % P Xco% P
pQcm pQcm pQcm
Annealing
conditions
’As implanted’ 84.2 840 31.3 51 91.9 160
600°C/1 hour 67.3 150 13.8 21 64.9 32
600°C/1 hour + 10.5 19 6.6 14 8.4 15
1000°C/30 minutes
RTA (5seconds)
700°C 72.1 210 19.4 25 72.8 38
800°C 68.2 160 14.2 22 62.9 34
900°C 49.5 47 9.55 17 52.2 28
1000°C 33.2 27 6.7 15 21.6 18
1100°C 21.4 23 6.8 14 21.1 16
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Fig 4.46 : Random and channelled RBS spectra of (100) silicon
samples implanted with cobalt to a dose of 7 x 107 Co cm2
after rapid thermal annealing (RTA) at temperatures and for durations
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spectra for this sample after annealing at 900°C for 5, 15, 30 and 45 seconds. It can be 
seen that varying the duration of the anneal over this relatively short time interval has a 
major effect on the redistribution o f the cobalt. Clearly the annealing o f the CoSi 
inclusions has a time as well as a temperature dependence. Both the dechannelled yield 
and the concentration of cobalt at the front of the distribution decrease with increasing 
annealing temperature. xCofa^s most significantly after the 30 second anneal and the 
value of x in CoSixat the peak of the cobalt distribution is equal to 2 after annealing at 
900°C for 45 seconds. Although the CoSi inclusions at the surface appear to have been 
almost completely annealed out at the surface, annealing times greater than 60 seconds 
are required to fully anneal out the precipitates and defects in the tail of the distribution. 
Fig 4.46e, however, shows that by increasing the anneal temperature to 1000°C and 
annealing for 10 seconds facilitates more Co redistribution and a higher quality crystal 
layer than annealing at 900°C for times o f 45 seconds. Annealing for 10 seconds at 
1000°C gives a de-channelled yield closer to that seen after annealing at 600°C/1 hour + 
1000°C/30 minutes.
The large fall in resistivity after annealing for 5 seconds at the high temperatures 
indicates, that the processes responsible for resistivity improvement take place during a 
very short time period. Fig 4.47 shows the variation in resistivity for a sample implanted 
with a dose of 7 x 1017Co+cm-2 and annealed at 900°C for times ranging from 5 to 60 
seconds. This indicates that 30 seconds is sufficient to reduce the resistivity to a 
minimum at 900°C.
These findings are significant since annealing time and temperature are important 
parameters in any semiconductor device processing line. This is particularly the case for 
shallow junction formation where junction depths can be controlled by varying annealing 
time and temperature.
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1017Co” cm 2 after rapid thermal annealing at a temperature of 900°C for a 
duration lasting between 5 and 60 seconds.
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Dependence o f  O rien ta tion
For a dose o f 5 x 1017Co+cm-2, rapid thermal annealing at temperatures in the range
700°C - 1100°C for 5 seconds, produces similar changes in structure for all three 
'orientations.
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S E C T IO N  4 .4
E LE C T R IC A L CH AR AC TE R ISTICS O F  IO N  B E A M  SYN TH ESISED  
CoSi/Si SC H O TTK Y  B A R R IE R  D IO D E S
a) L V  C haracteristics A t Room  Tem perature  
F o rw a rd  C haracteristics
Fig 4.48 shows the forward characteristics for diodes with average areas (Ae) 3.0 x 10-8 
m2, 1.9 x 107m2and 8.1 x 10-7m2at T «  290 K. Diodes with other sizes displayed similar 
characteristics. The ideality factors (n values) calculated from the characteristics using 
equations (2.6) - (2.8) were in the range 1.04 - 1.07 indicating that, at this temperature, 
thermionic emission is the main current transport process occurring at the IBS CoSi2/Si 
interface. Both equations (2.2) - (2.3) and (2.6) - (2.8) gave similar values for the ideality 
factor. The ideality factors calculated for diodes of different dimensions varied by no 
more than 1 - 2 % with no clear dependence on size. With ideality factors so close to 
unity, it was possible to make an accurate estimate of the barrier height using the 
intercept method. The value o f I0was obtained from the intercept for each characteristic 
and using the geometric area o f the diode, the value o f J0was calculated. Using equation
(2.8), <j)ewas found to be 0.64 ± 0.01 eV. Equation (2.3) also gives the same value within 
the limits of experimental error. With the values o f n discussed above, this is a good 
approximation to the potential barrier height (<j>b). The value o f 0.64 ± 0.01 eV agrees well 
with the value obtained for SPE grown CoSi2/Si (111) n - type Schottky barrier diodes 
[4.22, 4.23]. It is also in good agreement with the value of 0.64eV measured by White et 
al. [4.24] for the lower CoSi2/Si interface, who in the same work obtained a value for the 
ideality factor «  1.1. The reason for the discrepancy between the value o f barrier height 
in this thesis and the value o f 0.78 ± 0.03eV determined by Schtippen et al. [4.25] 
remains at this stage, speculative. However, the reasons are most likely to lie in the 
differing interface structures and the presence o f differing concentrations o f electrically 
active defects. It is worth noting that the value of 0.64eV both in this work and in ref 
[4.24] were obtained from layers that had received the 600°C/1000°C anneal. In contrast
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Fig 4.48 Forward characteristics of DBS CoSi/Si Schottky barrier diodes, 
a) 3.1 x lfr8m2, b) 1.9 x 10-7m2,c) 8.1 x 10-7m2
Fig 4.49 Comparison o f theoretical and experimental IBS CoSi2/Si Schottky barrier 
diode current densities, solid line = J£xp, short dash = (n = 1), long dash =
U (n = 106).
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Schuppen et al. [4.25] made measurements on layers that had been annealed at 750°C for 
30 seconds and 1150°C for 10 seconds. It is also significant to note that, in the same work 
the barrier height at the upper interface was found to be «  0.1 eV lower than that at the 
lower interface where fewer interface steps were observed. It is also possible that the 
fabrication o f the mesa structure may introduce defects at the edge o f the diode some of 
which may be electrically active. The dependence of barrier height on processing 
conditions has been noted elsewhere in the literature [4.26],
Fig 4.49 shows a comparison of the experimental and theoretical current densities 
calculated using equation 2.2 with n = 1.0 (i.e pure thermionic emission) and n = 1.06. 
The graph shows that it is possible to obtain good correlation with the theory outlined in 
section 2.2c. The deviation from n = 1.0 is most likely to be due to generation/recombina­
tion o f carriers and edge leakage current. Defects in the silicon close to the interface as 
well as interface steps may also contribute to non-ideal behaviour. Quantum mechanical 
tunnelling will be negligible for these substrates which have a doping concentration o f 5 
x 1014cm 3. The best agreement between theory and experiment is obtained for the lowest 
voltages (<0.1V). The deviation between theory and experiment for higher voltages 
suggests that the effective barrier height may be increasing with the applied bias. 
Alternatively, the barrier height may appear lower at lower biases because of a 
superimposed gener-ation/recombination current on the thermionic emission current.
Reverse C haracteristics
Fig 4.50 shows the reverse characteristics o f the same diodes. The characteristics display 
typical features o f reverse biased Schottky barrier diodes. By calculating the current 
density at the lower end o f the saturation range (V «  0. IV) a barrier height o f 0.64 ± 0.01 
eV was also obtained using equation (2. la). The breakdown voltage was found to vary 
from diode to diode but was generally greater than 20 V. The large increase in current at 
breakdown was characteristic of avalanche multiplication in the depletion region. The 
variation is most likely due to surface leakage since good surface passivation is difficult
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Fig 4.50 Reverse characteristics o f IBS CoSi2/Si Schottky barrier diodes,
a) 3.1 x ICHm2, b) 1.9 x l(>7m2,c) 8.1 x 10-7m2
Fig 4.51 Alternative method for calculating barrier height from forward and reverse 
characteristics for IBS CoSi2/Si Schottky barrier diode.
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to achieve. In the voltage range 0.1 - 10V an increase in current is observed. The 
magnitude of this increase is also found to vary from diode to diode further evidence to 
suggest the effect o f surface leakage. With the approximation o f equation (2.4) the 
reverse current should increase by a factor of 2.23 between 0.1 and 10 V for a barrier 
height o f 0.64eV at 290 K in silicon with substrate doping «  5 x 1014 donors cm-3. 
However, the reverse current increases by factors of 4.1, 3.7 and 6.9 for curves a, b and c 
(fig 4.50) respectively. This indicates that the Schottky barrier lowering theory does not 
fully account for the deviation from the theoretical current density predicted by the 
approximation o f equation (2.4). It is unlikely that there will be significant tunnelling 
across the interface o f these diodes since the semiconductor doping concentration is too 
low. However, using the approximation made by Andrews et al. [4.27], and the Bardeen 
model [4.28], a closer agreement between theory and experiment is obtained. This is 
more understandable given the fact that the previous section indicated that defects and 
steps exist at the CoSi2/ Si interface even after annealing. Deviation between the 
experimental curve and a curve calculated using the approximation o f equation (2.9) may 
well be due to edge effects. Evidence to suggest that this may be the case is confirmed by 
the fact this deviation was largest for the smaller diode i.e. with the largest perimeter/area 
ratio. It must also be remembered that there may also be small errors in the experimental 
measurements e.g. diode size and temperature of measurement. Although the reverse 
leakage obtained from the diodes in these measurements was in excess o f that predicted 
by substituting the simple approximations o f (2.4) and (2.9) it appears, encouragingly, to 
be less than that obtained from measurements made on IBS CoSi2 diodes in refs [4.24, 
4.25].
b) C a lcu la tion  O f The B a rrie r H e igh t F rom  Fonvard  A nd Reverse C haracteristics  
Fig 4.51 shows the result o f plotting
In / \
J
q y
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against V for the IBS CoSi2/Si Schottky barrier diode at 290 K. The experimental current 
density is the quantity J. The straight line nature of the graph shows good agreement with 
the theory. From the intercept at V -  0, the barrier height was also found to be «  0.64eV.
c) Dependence O f I /V  C haracteristics On Temperature 
F o rw a rd  C haracteristics
Forward characteristics for an IBS CoSi2/Si Schottky barrier diode (Ae= 3.25 x 10-8m2) 
are shown in fig 4.52 at temperatures o f a) 100 K b) 200 K c) 300 K and d) 400 K. The 
increase in current with temperature is typical o f thermionic emission behaviour across 
the Schottky barrier. For some diodes the shape o f the characteristics varied slightly at 
lower temperatures and lower voltages from the linear dependence shown in fig 4.52. i.e. 
the current deviated from the form e+'/nkT indicating the effect o f a current process other 
than thermionic emission at the barrier. Although no results have been published on the 
temperature dependence o f the EV characteristics at the IBS CoSi2 interface, similar 
effects have also been observed elsewhere with metal or metal silicide/silicon Schottky 
barrier diodes [4.29,4.30]. For temperatures & 250 K there was little deviation in the 
value of n and <|>ewhich remained close to the values presented in section 4.4a. For lower 
temperatures there was a steady increase in the value of n (fig 4.53) indicating the 
increased effect of other current processes. Fig 4.54 shows that the effect o f lower 
temperatures is to reduce the effective barrier height calculated using equations (2.2) -
(2.8). Similar examples o f an increase in the value of n with decreasing temperature have 
also been found in ref [4.29] for titanium - silicon diodes and in ref [4.30] for copper - 
silicon diodes. It is also worth noting that in these papers the temperature at which a 
deviation o f n from unity begins is approximately the same as that found in this work. 
These effects have been attributed to electron-hole recombination in the depletion region. 
For the case o f the IBS CoSi2/Si interface such effects are likely to be influenced by the 
complicated defect structure of the silicon substrate where the predominant defects are 
dislocations. The influence o f this current component on the characteristic is likely to 
increase as the thermionic emission current decreases with decreasing temperature. This 
is in agreement with fig 4.54 which shows that the rate o f change of <j>ewith temperature
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Fig 4.52 Forward characteristics of IBS CoSi/Si Schottky barrier diodes at different
temperatures a) 100 K, b) 200 K c) 300 K, d) 400 K.
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Fig 4.53 Variation in ideality factor as a function o f temperature for IBS CoSi/Si
Schottky barrier diode.
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Fig 4.54 Reduction in effective barrier height for IBS CoSi2/Si Schottky barrier 
diodes.
Fig 4.55 Activation energy plot (T ;> 250 K) for forward characteristics a) 70 mV b) 
80 mV c) 90 mV d) lOOmV.
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increases for lower temperatures. It is important to realise that for higher values o f n (e.g. 
> 1.1), the value o f <|>eis not necessarily equal to the potential barrier height since the 
thermionic emission theory assumes n «  1. Fig 4.55 shows a plot o f IF/T2against 1/T at 
forward voltages of 70, 80, 90 and lOOmV for temperatures > 250 K. The value o f <|>eand 
also the Richardson constant A* were obtained from a best fit to the points for each 
voltage, table 4.2 shows the results obtained.
Table 4.2. Values of <|>eand A* calculated from Fig 4.55
Forward
Voltage
(mV)
Barrier
height
♦.(eV)
Richardson 
Constant 
A* (Acm2 
K-2-
70 0.652 135
80 0.653 135
90 0.649 115
100 0.652 123
Values for <j>e calculated using this method were found to be in close agreement with the 
value o f <j>e calculated using the intercept method. It can also be seen that this method 
gives values for A* which are in good agreement with the theoretical value o f 112 Acm-2 
K‘2 [4.31]. (The closest value being 115 Acm-2K*2). The variation in the values across the 
four lines is probably a statistical error. It should also be realised that even if the barrier 
height obtained using the methods described in previous sections is re-calculated using 
the largest value for A* o f 135 Acm 2K 2 instead o f 112Acm*2K-2then the barrier height is 
only modified by 0.005eV.
It was not possible to plot a graph of IF/T2 against 1/T for all temperatures since it was not 
possible to obtain a suitable current reading at one particular voltage for all temperatures. 
For higher temperatures the series resistance starts to dominate at higher voltages and for
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lower temperatures it is difficult to obtain stable current readings at lower voltages. Fig 
4.56 shows the effect o f plotting IF/T2 against 1/T for temperatures in the range 110 K - 
200 K. The non - linear nature of the graph indicates that there are two and possibly 
three activation energies in this temperature range. A changing activation energy is 
further evidence for current processes other than thermionic emission at the interface. 
Similar results are found in ref [4.29] across a similar temperature range for titanium 
-silicon diodes.
Reverse C haracteristics
Reverse characteristics of the IBS CoSi2/Si Schottky barrier diode in the temperature 
range 280 K - 400 K are shown in fig 4.57. For low temperatures it was difficult to 
obtain stable characteristics because of the lower currents. In addition at the lower 
temperatures some diodes displayed excess leakage currents which is further evidence to 
suggest the presence of a generation - recombination current at the interface. Saturation is 
achieved at higher voltages as the temperature increases in agreement with equation 2.1a. 
It is also worth noting from fig 4.57 that the reverse current density increases by nearly 
five orders of magnitude through a temperature change of 130 K. This is an important 
consideration, particularly for device applications where successful operation of a device 
or circuit could be affected by such large changes in current. The plot o f I0/T2 against T 1 
where Icis the reverse current at 0.1 V is shown in fig 4.58. Values for the barrier height 
and Richardson constant obtained from the data in fig 4.58 are in good agreement with 
the values obtained for the forward characteristic data.
d) C /V  Measurements
The capacitance voltage relationship for the CoSi2/Si interface is shown in fig 4.59. It 
can be seen that there is a large increase in the capacitance for lower values of reverse 
bias in agreement with equation (3.24). The depletion layer should also be narrower for 
lower values o f reverse bias voltage in agreement with equation (3.21). The graph of 
1/C2 against reverse bias (V) is shown in fig 4.60 for IBS CoSi2/Si diodes of three 
different sizes. The straight line nature o f the 1/C2 versus V graph indicates good
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Fig 4.56 Activation energy plot (T ss 250 K) for forward characteristics. Current 
values are measured at VF= 0.44V.
Fig 4.57 Reverse Characteristics o f IBS CoSi2/Si Schottky Barrier Diodes.
a) 280 K, b) 300 K, c) 320 K, d) 340 K, e) 360 K, f) 380 K, g) 400 K.
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Fig 4.58 (Reverse Saturation Current)/T2 versus 1/T for IBS CoSi2/Si Schottky 
Barrier Diodes.
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uniformity in the doping concentration within the depletion region. Using the theory 
outlined in section 3.2b) values for the built in potential (Vbi), substrate doping 
concentration (ND) , depletion region width (W) and the energy difference between the 
bottom of the conduction band and the Fermi level (VF) were calculated. Table 4.3 shows 
these values together with the corresponding values for the barrier height which are close 
to the barrier height calculated using the previous methods. The C/V measurements also 
give values for the doping concentration o f the wafers which are in good agreement with 
the manufacturers specification (»  2 - 3 x 1014 donors cm 3).
Table 4.3, Results o f C/V Analysis.
Diode
size
(pm)
v bi
(eV)
Ndx 1014 
cm*3
v F
(eV)
W (pm)
(eV)
800 0.380 5.47 0.273 0.924 0.653
1200 0.371 5.16 0.280 0.940 0.651
2000 0.353 3.84 0.282 1.061 0.635
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SECTION 4.5
M IC R O STR U C TU R E A N D  R E S IS T IV IT Y  O F  D O P A N T IM P LA N T E D  IB S  CoSi2
a) Im p la n ta tion  o f  dopants in to  silic ides 3as im p lanted3 before the dopant im p la n t:
A fte r Im p lan ta tion
Fig 4.61 shows the random and channelled spectra of an ’as implanted’ IBS CoSi2 layer 
implanted with indium to a dose o f 1 x 1016In+cm-2. It can be seen from fig 4.61 that the 
implanted indium has a gaussian distribution within the silicide. The peak o f this 
distribution lies approximately in the centre o f the silicide layer at a depth of 760 ± 30A 
below the surface (this agrees well with the PRAL data which predicted a value o f 750 
A). If these spectra are compared with the spectra for the same sample, undoped (section 
4.2a) it can be seen that there is a substantial increase in the de-channelled yield. The 
value of Xc0f°r the sample implanted with cobalt to a dose o f 5 x 1017Co+cm-2, was 46% 
compared to 91% for the sample represented in figs 4.61. The higher value indicates that 
there is a high degree of damage introduced by implanting the indium. Fig 4.61 also 
shows that the damage is not constant across the cobalt distribution, the region o f 
maximum damage extending «  800A into the CoSi2 layer. It should be noted that a greater 
number of dopant atoms will have passed through depths closer to the samples’ surface.
In addition to this more damage will result from a single collision occurring closer to the 
sample’s surface since the impinging ions lose energy as they pass through the lattice. 
This may explain why the dechannelled yield is as high as the random yield for higher 
channel numbers and then falls in lower channel numbers. These results are confirmed by 
the TEM micrograph (fig 4.62) o f the indium implanted CoSi2 which shows that the CoSi2 
layer can be divided into two regions labelled 1 and 2 in fig 4.62. In region 1 (the upper 
800A) there are a number o f dislocations and grain boundaries. The CoSi2 layer below 
this (region 2) contains a fewer number of defects. Fig 4.61 shows that just below the 
CoSi2/Si interface, the de-channelled yield rises and is equal to the random yield 
indicating an amorphous region. For the ’as implanted’ CoSi2layer before dopant 
implantation the rise in dechannelling in the silicon adjacent to the lower CoSi2 interface
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Fig 4.61 : Random and channelled RBS spectra of ’as implanted’ CoSi2 
implanted with indium to a dose of 1 x l 66ions cm2
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was attributed to the presence o f CoSi2 precipitates and silicon <311> defects caused by 
the supersaturation of silicon self interstitials, generated during implantation. However, a 
closer examination of the TEM micrograph shows that for the dopant implanted CoSi2 
layer there are two distinct regions below the CoSi2/Si interface. In region 3 the silicon 
appears amorphous which is thought to be caused by the ejection o f silicon self 
interstitials from the silicide layer during indium implantation. In region 4, below region 
3 the structure is more typical o f that just below the CoSi2/Si interface for the non dopant 
implanted ’as implanted’ samples, (described above and in section 4.2).
Similar results are found for the antimony implanted ’ as implanted’ CoSi2layer. An 
almost equal amount of damage is introduced into the CoSi2 layer by the implantation of 
antimony with the crystallinity improving towards the lower part of the layer.
R ecrysta lliza tion  du rin g  annealing
Figs 4.63a-e, 4.64a-e and 4.65a-e show the random and channelled RBS spectra for IBS 
CoSi2 layers implanted with doses o f 1 x 101<5In+cm-2, 1 x 1016Sb+cm-2and 5 x 1015Sb+cm-2 
respectively after annealing at temperatures in the range 300°C - 900°C. A better 
understanding of the processes occurring during annealing of the dopant implanted 
silicide layer can be obtained by comparing the results with the annealing of the undoped 
’as implanted’ silicide (see section 4.3). After each anneal between 300°C and 500°C, the 
RBS measurements obtained for the dopant implanted samples revealed successively 
lower dechannelled yields in the region of the spectrum corresponding to the Co 
distributions
Considering first the case o f the indium implanted sample, fig 4.63(a) shows that there is 
a large reduction in the de-channelled yield after annealing at 300°C(xCofalls from 90% to 
50% after annealing at this temperature). In addition it is interesting to note that 28% of 
the implanted indium atoms occupy substitutional sites after annealing at this temperature 
as compared to 0 % after implantation.
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Fig 4.63 : Random and channelled RBS spectra of ’as implanted’ CoSi2 
samples implanted with indium to a dose of 1 x l( f  In cm2 
at 320keV after annealing for 15 mins at temperatures indicated.
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Annealing at 400°C and 500°C (fig 4.63b) results in a further reduction in the 
de-channelled yield. After the latter of these two anneals the value of xCo^ as fallen to 
46% which is little more than the value of 42% obtained for the non dopant implanted 
silicide after annealing at the same temperature. This indicates that most of the damage 
introduced into the CoSi2 layer during the dopant implantation has been removed after 
annealing at this temperature. However, the proportion of indium in substitutional sites 
starts to decrease again for these annealing temperatures as the cobalt and silicon atoms 
move back onto their original sites, thereby displacing the indium atoms.
After the 600°C anneal the indium distribution remains largely unchanged with now only 
13 % of the indium atoms in substitutional sites. The value of Xofalls further after this 
anneal and since most of the damage introduced during the indium implantation had been 
annealed out during the previous anneal at (500°C), the CoSi2 layer is growing in a 
manner analogous to that described for the non-dopant implanted samples. A comparison 
of the RBS spectra for the indium implanted silicide and the non dopant implanted 
silicide, however, shows that this process is more pronounced in the latter structure. The 
fact that the indium fails to segregate suggests that its presence may hinder the growth in 
the CoSi2 layer. Annealing at 600°C also leads to interesting effects in the silicon just 
below the CoSi2/Si interface. Fig 4.63c shows that there is a reduction in the de-chan­
nelled yield just below the CoSi2/Si interface corresponding to region 3 in fig 4.62 after 
annealing at this temperature. This indicates that the amorphous region highlighted in fig 
4.62 has regrown at 600°C (the regrowth temperature for amorphous silicon [4.32]). 
However, the (311) defects created during Co implantation require annealing tempera­
tures ;> 700°C before they are annealed out.
Fig 4.74a shows that after annealing at 700°C there is a much smaller discrepancy 
between values of Xa>f°r the indium implanted silicide and non dopant implanted silicide. 
It can also be seen that segregation of the indium towards the interfaces starts to occur at 
this temperature. It is likely that re-ordering in the silicide which involves the movement 
of cobalt atoms may encourage diffusion of indium to the interfaces.
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Fig 4.63e shows that after annealing at 900°C the hump in the dechannelled yield 
corresponding to region 4 in fig 4.62 has been removed indicating that the defects in this 
region have been largely annealed out. The indium profile is flanked on either side by 
broad shoulders which are at depths corresponding to the lower and upper interfaces of 
the CoSi2 layer. Despite this apparent segregation, the presence of the indium atoms in 
interstitial sites seems to hinder restructuring of the silicide to a certain extent. This can 
be seen by comparing the results of fig 4.63e with the results obtained for the non dopant 
implanted sample after annealing at 900°C (fig 4.35e). It can be seen that for the indium 
implanted sample the cobalt profile is less rectangular than for the non dopant implanted 
sample. In addition the values of Xc0f°r the indium implanted sample, although close to 
the values of the non dopant implanted sample, are nonetheless a little higher.
Similar effects occur in the case of the antimony implanted (1 x 101<sSb+cm-2, 5 x 1015Sb+ 
cm-2) ’as implanted’ silicide after sequential annealing between 200°C and 900°C (figs 
4.64a-e, fig4.65a -e). For annealing between 200°C and 500°C the values of Xc0for these 
samples are almost identical to those for the sample implanted with indium. The values 
are also higher than those of the non dopant implanted sample. These results can be 
justified by the argument that the recrystallization of the silicide is probably hindered by 
the presence of the dopant. In contrast to the indium implanted sample, however, after the 
600°C anneal there is a much more significant change in the value of Xcof°r the antimony 
implanted samples which is similar to that seen for the non dopant implanted sample as 
fig 4.74 shows. The larger change can also be correlated with a higher degree of dopant 
segregation towards the interfaces which occurs for the antimony implanted sample as fig 
4.64, 4.65 and fig 4.76 show. The increased degree of segregation continues with 
annealing temperature until at 900°C it can be seen that a major redistribution of 
antimony has occurred. This may also account for the fact that the cobalt profile after 
annealing at this temperature is more rectangular than it was for the indium implanted 
sample.
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The TEM micrograph of the ’as implanted’ CoSi2 layer implanted with 1 x 1016Sb+ cm-2 
after annealing sequentially up to 1000°C is shown in fig 4.66. Comparison with the 
sample that was annealed in the same way but which did not receive a dopant implant 
shows that the amount of damage below the lower CoSi2 interface is less in the dopant 
implanted structure. For the non dopant implanted structure a dislocation density of 2 x 
109cm-2is measured but for the dopant implanted sample it is an order of magnitude 
lower. The reason for this remains unclear but it is possible that the presence of antimony 
atoms at the CoSi2/Si interface either in the silicon or in the CoSi2 layer is relieving the 
stress caused by the 1.2% lattice mismatch between CoSi2 and silicon. Another possibility 
is that the regrowth of the amorphized region facilitates the reduction in defect density. 
Maex et al. [4.17] have also shown that the defect density in the silicon overlayer above 
the CoSi2 layer can be reduced by using an amorphizing silicon implant followed by 
annealing at 1000°C for 30 minutes. The reduction in defect density was, however, not 
quantified in this work.
It is also interesting to note that as in the case of indium, the number of antimony atoms 
occupying substitutional sites for the ’as implanted’ sample increases with anneal 
temperature up to 300°C and then decreases again as fig 4.67 shows. Up to 40% of the 
antimony atoms occupy substitutional sites after annealing at 300°C which is higher than 
the fraction found for indium.
The lack of published material detailing investigations into dopant diffusion in ’as 
implanted’ IBS CoSi2makes it difficult to draw comparisons. There has, in addition, been 
only one report [4.33] of dopant diffusion in annealed IBS CoSi2,the species of interest in 
this particular study being boron. However, a some work has been performed on studying 
dopant diffusion in UHV deposited CoSi2layers [4.33 - 4.36]. This will be referred to 
alongside the results discussed in the next section and also later in this thesis.
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Fig 4.67 Fraction of implanted antimony in interstitial sites of a) annealed CoSi2 layer 
and b) ’as implanted’ CoSi2layer.
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In section 4.3 of this report it was seen that changes in the continuity of the synthesised 
CoSi2 layer, together with changes in the concentration of CoSi grains and inclusions, 
were the main reasons for the large dose/resistivity(p) variation across the samples with 
annealing. For the work on dopants, all the CoSi2 layers were fabricated with doses of 4 
or 5 x 1017Co+cm-2 which meant that the synthesised layers were continuous. In addition, 
the layers implanted with a dose of 5 x 1017Co+cnv2, used for the experiments discussed 
in the next subsection, were annealed at 600°C/1 hour + 1000°C/30 mins which would 
have removed any CoSi inclusions within the layers. Because of these factors, any 
changes in resistivity within the dopant implanted synthesised layer are mainly due to 
changes in the amount of damage within the layer together with improvements in the 
crystal quality of the CoSi2 lattice.
For the dopant implanted ’as implanted’ silicide, the implantation of the dopant results in 
a large increase in the resistivity of the synthesised layer by several hundred pQcm. 
Sequential annealing at temperatures between 200°C and 500°C results in a substantial 
fall in the resistivity of the layer as fig 4.75 shows. The general trend of falling resistivity 
with increasing anneal temperature is also noted for dopant implanted UHV deposited 
CoSi2layers [4.34, 4.35], By comparing fig 4.74 with 4.75 it can also be seen that the xCo 
and resistivity/temperature curves follow a similar trend after annealing between 200°C 
and 500°C. In this case it is the annealing out of the damage created by the implantation 
of the dopant that has the predominant effect on resistivity.
These results are in contrast to those obtained for the undoped silicide (see section 4.3) 
for which it was found that the resistivity fell more significantly than xCoat lower 
temperatures. Values of resistivity were also slightly higher for the indium implanted 
sample than for the antimony implanted sample. This is in agreement with the Xc0 values 
which were also slightly higher for the indium implanted samples.
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Examination of the higher temperature region (700°C - 1000°C) of fig 4.75 shows that, 
for the antimony implanted samples, there appears to be little variation in the resistivity 
between 700°C and 1000°C. However, the value of xCochanges more significantly for 
these samples after annealing at the same temperatures. The resistivity ceases to fall once 
a highly conducting path is formed (i.e. after the 700°C anneal). However, the annealing 
out of the defects and CoSi2 precipitates in the overlayer which leads to a lower 
de-channelled yield (as indicated by a change in the value of XcQ) maY continue in the 
annealing range 700°C - 1000°C.
b) Implantation o f dopants into silicides 3annealed3 before the dopant implant 
: After dopant implantation
Fig 4.68a shows the effect of implanting indium to a dose of 1 x 1016 In” cm 2 into a CoSi2 
layer that was annealed at 600°C/1 hour + 1000°C/30 minutes, prior to the dopant 
implant. It can be seen that an almost equal amount of damage is introduced into the 
CoSi2layer to that seen for the dopant implanted ’as implanted’ silicide. The region of 
maximum damage extends approximately 800A into the layer and then falls towards the 
lower interface. The damage corresponding to region 3 in fig 4.62 can also be clearly 
seen in the RBS spectra.
Figs 4.68b - c show the effect of implanting antimony to a dose of 1 x 1016Sb” cm-2 and 
arsenic to a dose of 5 x 1015 As” cm-2 into the centre of the CoSi2 layer. It can be seen that 
the highly damaged region in the silicide layer does not extend to as great a depth for the 
arsenic implanted sample. This is a reasonable result since i) the arsenic dose is lower 
than that of the indium or antimony and ii) arsenic being lighter will not create as much 
damage per incident ion. It is therefore expected that less damage will be introduced into 
the silicide lattice and also into the underlying silicon. This is evidenced by the 
dechannelled yield at the lower CoSi2/Si interface which is lower for the arsenic 
implanted sample than for the antimony implanted sample. Thomas et al.[4.34] implanted 
UHV deposited CoSi2 layers with various dopants including arsenic and antimony. They 
implanted doses of 1 x 1015 ions” cm 2 and 5 x 1015 ions” cm 2 of each dopant. It was found
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Fig 4.68 : Random and channelled RBS spectra of annealed CoSi2
samples implanted with indium, antimony and arsenic to doses shown
at 320keV, 330keV and 220keV respectively.
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that in each case the layer was only amorphized by the higher dose of dopant, the lower 
dose being insufficient for this. It should be noted, however, that amorphization will 
occur at different doses between 1 x 1015ions+cm-2and 5 x 1015ions+ cm-2 depending on the 
dopant. Other studies [4.17] have also shown how IBS CoSi2layers can be amorphized 
using silicon implantation at liqiud nitrogen temperature using a dose of 2 x 1015 Si+cm-2. 
At room temperature the layers were not amorphized with the same dose.
Recrystallization during annealing
Figs 4.63, 4.69 and fig 4.74 indicate that there is a greater degree of regrowth occurring at 
lower temperatures in the indium implanted ’annealed’ silicide than in the indium 
implanted ’as implanted’ silicide. Prior to the dopant implant, the annealed silicide layer 
consists of high quality single crystal material with a %c0of less than 10% (see section
4.3 c). The indium implant creates disorder in the upper part of this well formed lattice 
such that an amorphous layer appears to be formed after implantation (i.e. the random 
and channelled yields are equal). The damage is removed during the course of annealing 
between 300°C - 500°C, which is consistent with the temperature range for recrystalliza­
tion of amorphous CoSi2. The region just below the lower silicide/silicon interface 
remains amorphous after each anneal between 300°C and 500°C and it is not until 
annealing at 600°C that this region recrystallizes. Interestingly, this is the temperature at 
which amorphous silicon transforms to the crystalline phase. For the ’as implanted’ 
silicide the damage due to the indium implant is being annealed out in addition to growth 
of the CoSi2 layer via some of the processes discussed in section 4.3.
By comparing the RBS spectra of fig 4.69 with those of 4.63 it can be seen that for the 
indium, possibly more segregation has occurred in the annealed CoSi2layer than in the ’as 
implanted’ CoSi2layer. Figs 4.76a and 4.77a show the changes in the percentage of 
indium in each of the three regions described in section 3.3 in both ’as implanted’ and 
annealed CoSi2with annealing. A possible reason is that CoSixInyprecipitates are formed 
and that these form more easily during the annealing of ’as implanted’ CoSi2 layers than 
they do in annealed CoSi2 layers, thereby hindering indium segregation.
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Fig 4.69 : Random and channelled RBS spectra of ’annealed’ CoSi2 
samples implanted with indium to a dose of 1 x IO6 In cm2 
at 320keV after annealing for 15 mins at temperatures indicated.
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Values of Xc0are also lower for the antimony implanted annealed CoSi2 layer than for the 
antimony implanted ’as implanted’ CoSi2 layer across the range of annealing temperatures 
as fig 4.74b shows. It is also apparent for the annealed CoSi2 layer that the damage 
created by the lower dose of antimony is more easily removed than the damage 
introduced by the higher dose. The higher dose implant has created amorphous regions 
both in the silicide and the underlying silicon whereas the lower dose does not show 
amorphous regions. This difference in structure may help explain why there is a much 
greater difference in the Xc0values between the two antimony implanted ’annealed’ 
silicides than there is between the two antimony implanted ’as implanted’ silicides
In section 4.3 it was mentioned that xCovalues f°r intermediate doses (4 and 5 x 1017Co+ 
cm-2) were between 6 and 8%, after a 1000°C anneal. For the annealed CoSi2 sample 
implanted with a dose of 5 x 1015 Sb+ cm 2, xCohas feUen to 8.3% after the 800°C anneal 
whilst for the sample implanted with a dose of 1 x 1016 Sb+cm*2, a value for Xc0of 8.7% is 
not obtained until after annealing at 1000°C. This suggests that with a dose of 5 x 1015Sb+ 
cm-2the crystallinity displayed by the undoped silicide can be re-obtained after annealing 
at 800°C, but for a dose of 1 x 1016Sb+cm-2and higher, 1000°C is required. The TEM 
micrograph of this sample after the 1000°C anneal is shown in fig 4.72. Comparison of 
this with an undoped silicide annealed sequentially up to 1000°C shows that there is a 
small number of small faceted precipitates near the centre of the CoSi2 layer. The identity 
of these precipitates has not yet been established, however, thermodynamic considera­
tions suggest that they are non-aligned antimony precipitates.
Although such dopant doses are higher than would normally be used in a standard IC 
manufacturing line, these results indicate the severe processing conditions that must be 
applied when high doses of dopant are implanted. It is also important to note that 
precipitation of implanted antimony in bulk single crystal silicon occurs in the annealing 
range 800°C - 1000°C. The influence of outdiffusion on this formation is an interesting 
area requiring further study.
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Interesting comparisons can be drawn for the segregation of antimony between the ’as 
implanted’ and annealed CoSi2layers. As an example the case of 5 x 1015Sb+cm-2is 
considered. By comparing fig 4.65 with fig 4.71 it can be seen that for this dose of 
antimony the redistribution of the antimony is more apparent in the ’as implanted’ 
silicide than in the annealed silicide. For example, the percentage of antimony in the 
centre region (530A - 1430A) for the ’as implanted’ silicide (implanted with a dose of 5 x 
1015 Sb+cnr2) changes from 82.7% after the first anneal (200°C) to 31.1% after the 900°C 
anneal. It can be seen from fig 4.76b that there is a greater percentage of the antimony 
occupying the surface region than the centre region after the 900°C anneal. This large 
change is not seen for the same dose of antimony in the annealed silicide where figures of 
83.5% and 73.0% are obtained for the centre region after anneals at 200°C and 900°C. 
Similar results were obtained for the samples implanted with the higher dose of 
antimony. As has been previously mentioned the re-ordering within the silicide, which 
involves the movement of cobalt atoms, may encourage segregation of antimony to the 
interfaces. In the ’as implanted’ silicide redistribution of cobalt atoms is greater than in 
the annealed silicide and thus the antimony segregation is probably greater in the former 
case. As the solid solution of antimony in both the CoSi2 layer and the silicon substrate is 
low the implanted antimony will be encouraged to accumulate at the interfaces. This is 
the reason why a large accumulation of antimony is observed in the lower region (region 
3). In addition thermodynamic considerations indicate that silicon and CoSi2 are the most 
stable phases (i.e. more stable than CoxSbySixSbyor CoxSiySb2).
Figs 4.76a and 4.77a show that there are significant temperatures for dopant redistribu­
tion. For the ’as implanted’ silicide implanted with a dose of 5 x 1015Sb+cm-2the 
percentage in the centre region remains fairly constant between 200°C and 500°C whilst 
a noticeable reduction occurs between 500°C and 600°C. In this same temperature range 
there is a significant increase in the concentration of antimony in region 1 . In fact the 
percentage changes after the 600°C anneal indicated by curves a and b in fig 4.76c are 
almost equal, with only a small increase occurring in the region of the lower interface. 
Whilst there is probably a more marked segregation of the antimony towards the surface
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for some of the reasons mentioned above it should also be noted that the presence of a 
very thin but significant oxide will also encourage redistribution [4.37]. In the case of the 
annealed silicide implanted with a dose of 5 x 1015Sb+cm2 significant redistribution is 
observed after the 700°C anneal with the main increase occurring again in the upper 
region. There is also a small drop in the percentage of antimony occupying the surface 
region of this sample after the 900°C anneal which may be due to the diffusion of the 
antimony completely out of the sample.
Fig 4.77c for the same antimony implanted sample (as well as fig 4.77b for the higher 
dose antimony implanted sample) shows a slight reduction in the percentage of dopant in 
region 3 after the 700°C anneal which would suggest that very little re-distribution occurs 
from region 2 to region 3 at this temperatures. Indeed ,if the small reduction observed is 
not due to measurement error, it is possible that there is a greater movement occurring 
into the silicon substrate from region 3. Thomas et al. [4.34] have found that only a 
modest amount of diffusion occurs in UHV deposited layers after annealing at 750°C. It 
is worth noting, however, that grain boundary diffusion as well as lattice diffusion 
occurred in these layers. Both fig 4.77b and 4.77c show that there is no substantial 
change in the concentration of the dopant in the lower region until after the 900°C anneal 
has been performed.
After annealing, there is a greater change of crystallinity occurring in the arsenic 
implanted annealed silicide (fig 4.73) than there is in the antimony implanted annealed 
silicide. This can be seen from figs 4.74b and fig 4.74c. For the sample implanted with 
5xl015 As+cm-2, %cohas fallen to 17% after the lowest temperature anneal and is 8% (close 
to the value of the pre-dopant implanted silicide) after the 600°C anneal.
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It was mentioned earlier that the movement of the implanted arsenic, after annealing, was 
more difficult to follow, especially with increasing depth, as the arsenic counts were 
partially hidden by the Co distribution. Because of this, the number of counts due to the 
arsenic was calculated only for depths near the surface of the sample (region 1), after 
each anneal. The results are shown in fig 4.77d. It is difficult to make a direct comparison 
between this and the lines representing region 1 in figs 4.77a - c since different 
parameters are plotted on the vertical axis. However, the figures do give an indication of 
the temperature at which the two dopants segregate in the direction of the surface. From 
fig 4.77d it can be seen that the arsenic starts segregating much more rapidly at lower 
temperatures. For example, the number of counts increases from 133 after the 200°C 
anneal to 250 after the 500°C anneal. In the study made by Thomas et al. [4.34] on 1pm 
thick UHV deposited CoSi2 layers neither antimony or arsenic displayed significantly 
faster diffusion over each other in the direction of the lower interface. However, in view 
of the difference in structure and probable diffusion mechanisms which exists between 
the CoSi2 layers used in this thesis and those used in ref [4.34], it is unclear as to how 
much relevance this has. It will be shown using SIMS in the next section that for a dose 
of 2 x 1015As+cm-2 implanted at 200keV, there is more segregation of arsenic towards the 
surface than there is towards the lower interface after annealing at 500°C. Although RBS 
analysis shows that much less damage is introduced by this implant than for the higher 
dose of arsenic which will probably lead to less diffusion due to structural rearrangement 
and repair, it is probable that for a dose of 5 x 1015 As+cm-2, there will also be less 
diffusion towards the lower CoSi2/Si interface. These changes were not seen for the 
antimony in the same temperature range.
The above results suggest that arsenic diffuses more easily through the silicide than the 
antimony. The implanted arsenic atom will also probably introduce less damage than the 
antimony and the defects may be of a different type. These defects may be annealed out 
at lower temperatures, with the apparent effect of more re-growth and lower values of xCo. 
It is also worth noting from fig 4.77d that there is a drop in the number of counts after the 
900°C anneal. This is probably due to arsenic out diffusion.
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a) 1 x  1016In+cm-2 b) 1 x  10lfiSb+cm-2
c) 5 x  10t5Sb+cm-2
Fig 4.76 Segregation of dopants in ’as implanted’ CoSi2with sequential annealing
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4.6 ELECTRICAL CHARACTERISTICS OF DOPANT IMPLANTED ION BEAM 
SYNTHESISED CoSi/Si SCHOTTKY BARRIER DIODES.
a) Arsenic Implanted Samples
The SIMS profiles for IBS CoSi2 layers implanted with arsenic to a dose of 2 x 1015 As” 
cm-2are shown in fig 4.78, a) ’as implanted’, b) 500°C anneal and c) 1000°C anneal. The 
implanted dopant doses obtained from the SIMS profiles are shown in table 4.4. The data 
shows that there is good agreement with the nominal implanted doses.
Table 4.4 : Comparison of SIMS doses and implanted doses.
Dopant Implanted dose 
ions cm2
SIMS dose 
ions cm-2
B 2 x 10” 2.19 x 10”
As 2 x 10” 2.04 x 10”
P 2 x 10” 1.72 x 10”
P 1 x 1014 1.01 x 10”
The cobalt signals and silicon signals clearly indicate the position of the silicide layer.
The CoSi2/Si interface corresponds to the depth where there is an increase in the silicon 
signal and a drop in the cobalt signal. From fig 4.78a it can be deduced that the peak of 
the arsenic distribution is close to the centre of the silicide layer. The concentration of 
arsenic at the peak of the distribution calculated from fig 4.78a was « 2.2 x 1020 As” cm 2.
It can also be seen that the distribution extends across the CoSi2/Si interface and deep into 
the underlying silicon. The concentration of arsenic at the interface is « 17% of that at the 
peak of the distribution. After annealing at 500°C there is very little change in the arsenic 
distribution across the rear interface. However, the results show that there is a large 
increase in the concentration of arsenic at the surface. This is in agreement with the 
results of the previous section obtained using RBS analysis for the slightly higher dose of
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DEPTH (alcrons)
a) ’as implanted’
DEPTH (alcrons)
b) 500°C
DEPTH (alcrons)
Fig 4.78
c) 1000°C
SIMS profiles of arsenic implanted to a dose of 2 x 1015As+cm-2
into annealed IBS CoSijafter annealing for 15 mins at temperatures indicated.
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arsenic (5 x 1015 As*cm 2) which also showed movement of arsenic towards the surface at 
the same annealing temperature, fig 4.78c shows that there is a significant increase in the 
concentration of arsenic at the interface after annealing at 1000°C. The concentration of 
arsenic at the peak of the interfacial accumulation is » 50% of that at the peak of the 
distribution before annealing (fig 4.78a). A previous SIMS analysis [4.35] on arsenic 
implanted UHV deposited CoSi2 layers has shown that at 500°C little redistribution 
occurs in the direction of the upper interface. In the same work SIMS was also performed 
on a sample annealed at 900°C which showed a profile more like that shown in fig 4.78c. 
It should, however, be noted that in this particular study [4.35] the anneals lasted for a 
duration of only 10 seconds.
7 /L  Characteristics 
: Forward Characteristics
Fig 4.79 shows the forward characteristics of IBS CoSi2/Si Schottky barrier diodes 
implanted with doses of i) 5 x 1012As+cm-2, ii) 1 x 1013As+cm-2, iii) 1 x 1014 As* cm 2 and 
iv) 5 x 1014 As* cm-2. These characteristics show that the effective barrier height can be 
reduced by the implantation of arsenic and subsequent annealing. Furthermore it can be 
seen that this can be accomplished for a wide range of doses and annealing temperatures. 
In ref [4.38] Shannon showed how the barrier height of the nickel-silicon (Ni-Si) 
interface could be reduced using shallow antimony implanted layers. However, the work 
in this thesis differs from that in ref [4.38] in that the implant is performed subsequent to 
the formation of the metallic part of the junction and in addition the effect of the 
redistribution on the profile with annealing is studied. It is worth noting, however, that 
barrier height reductions were of a similar magnitude to those discussed in ref [4.38]. For 
each dose curves b, c and d represent the arsenic doped CoSi2/Si Schottky barrier diodes 
after annealing at 500°C, 800°C and 1000°C respectively. For comparison the forward 
characteristic of an undoped IBS CoSi2/Si Schottky barrier diode is also shown (curve a).
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a) No dopant implant.
The effective barrier height (<|>e) and ideality factor (n) were calculated by fitting the 
forward characteristics to equation (2.11).. Typical values of n for the arsenic doped 
Schottky barrier diode were in the range 1.15 - 2.2, significantly greater than the value ( 
»1.05 ) for the undoped IBS CoSi2/Si Schottky barrier diode. The reduction in effective 
barrier height <|)efor the arsenic doped diodes is shown in fig 4.80. The reduction in <j>eis 
most likely due to a transition from thermionic to thermionic - field emission [4.38 - 
4.42] with field emission dominating when the thickness of the barrier is such that 
tunnelling can easily occur. In addition, from equation (2.10) it can also be shown that 
image force lowering will become significant (barrier height reductions > 0.01 eV) for 
fields > 1 x 106 V/m. The high field necessary for quantum - mechanical tunnelling 
through the barrier must be due to a large increase in the space charge density at the 
interface resulting from an increase in the concentration of the activated implanted dopant 
at the CoSi2/Si interface. For the lower annealing temperatures SIMS results indicate that 
there is little change in the arsenic distribution. Therefore, the increase in space charge 
density for the lower annealing temperatures must be due to electrical activation in the 
tail of the implant. Due to the defects, which exist in the silicon just below the CoSi2/Si 
interface, it is also probable that the activation mechanism for the implanted arsenic is 
modified slightly from that observed in bulk single crystal silicon. For the 1000°C anneal 
SIMS results show that redistribution has occurred. For annealing temperatures between 
500°C and 1000°C arsenic redistribution is likely to occur evidenced by the arsenic 
segregation seen in the RBS spectra for arsenic in section 4.5b after annealing at 
temperatures a 600°C. Therefore, for the higher annealing temperatures diffusion of the 
dopant towards and accumulation at the interface combined with activation will be the 
most likely reason for the increase in space charge density. The activation mechanism for 
arsenic atoms arriving at the interface may also be slightly different from those already 
activated at lower annealing temperatures where the silicon is more defective. It is clear 
from the arsenic implanted profiles that the distribution of activated dopant atoms, within 
the implanted region, after annealing, will be non uniform. For annealing temperatures 
before significant modification of the implant profile has occurred the distribution of 
activated dopant atoms in the silicon will be related to both the shape of the profile and
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Fig 4.80 Reduction in effective barrier height versus anneal temp for 
arsenic doped IBS CoSi2/Si Schottky Barrier Diodes.
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the concentration of dopant at any particular depth. The latter assumption comes from the 
fact that it has been shown [4.43] that the activated fraction of dopant is related to the 
implanted dose. For higher annealing temperatures the activated dopant distribution will 
be related to the more diffuse profile which would require a more complicated function to 
represent. The width of the depletion region will also therefore be dependent on the 
concentration of activated dopant and the distribution of the dopant at the interface. Since 
these will be non uniform it is difficult to predict the precise depth of the depletion 
region. However, it is reasonable to assume that the depletion region will be shallower 
after the higher annealing temperatures i.e. for a higher concentration of dopant at the 
interface, than for lower annealing temperatures. Fig 4.80 shows that for each dose the 
value of (^ decreases with increasing annealing temperature. In addition, for each 
annealing temperature the value of <j>e decreases with increasing dose. The effects giving 
rise to these changes may also be complicated by the dose of the implant since there will 
be more damage and defects introduced by the higher dose implant. In addition the 
concentration gradient of the dopant may be different at the interface for different doses 
which could result in different diffusion effects. The barrier height changes indicate that 
according to equation (2.10) with a typical tunnelling distance for silicon, of 30A [4.38, 
4.39], the field strength is changing in the region from 1 x 107 V/m to 1 x 108 V/m. If it is 
assumed that, across the range of doses, the changes in the arsenic distribution, during 
annealing, are similar to those observed for a dose of 2 x 1015 As+cm-2then the SIMS 
results indicate that the concentration of dopant should be sufficient, with the necessary 
degree of activation, to produce such changes in the field strength.
For IBS CoSi2/Si Schottky barriers implanted with arsenic to a dose of 1 x 1014 As+cmr2 
ohmic characteristics are obtained after annealing at 1000°C. For the doses of 5 x 10MAs+ 
cm2 and 2 x 1015 As+cm-2 annealing at 800°C and 500°C respectively gives a similar 
result. The latter result is reasonable in view of the fact that the concentration of arsenic 
is > 1019 As+cm 3to a depth of 200 - 300 A below the interface. If the field for a 
rectangular charge distribution for a concentration of 1 x 1019 As+cm 3is calculated it can
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be shown that even if full activation is not achieved the Schottky effect and tunnelling 
terms in equation (2.10) will be increased to such an extent that the barrier will be 
lowered sufficiently to give ohmic type characteristics.
The results discussed above are significant from a device processing point of view since 
they show that a considerable degree of flexibility can be introduced into the use of an 
IBS CoSi2/Si Schottky contact. Both dose as well as annealing temperature are important 
considerations since there may be occasions during the processing of an IC when it is not 
desirable to anneal at high temperatures. The results above show that with a suitable dose, 
large changes in barrier height and even ohmic characteristics can be obtained by 
annealing at temperatures as low as 500°C. The results from the previous section also 
indicate that even with doses as high as 5 x 1015 As* cm 2, the crystallinity of the silicide 
can be mostly recovered after annealing at 500°C. The SIMS results in the previous 
section also showed that after annealing at 1000°C, the concentration of arsenic is higher 
than 1019 atoms cm-3to a depth of 500A below the lower silicide/silicon interface and is 
higher than 1018 atoms cm 3for a few hundred angstroms more. These results and the 
electrical results demonstrate the first successful application of IBS CoSi2as diffusion 
sources for the fabrication of shallow n*layers suitable for submicron devices. This is 
even more significant in view of the fact that the diffusion source is in alignment with 
and epitaxially related to the (100) substrate.
Reverse Characteristics
The reverse characteristics of the dopant implanted IBS CoSi2/Si interface are important 
since they determine the overall success or otherwise of the Schottky barrier height 
modification technique i.e. the Schottky barrier only retains its reverse characteristic 
properties if saturation or near saturation is achieved. Fig 4.81 shows the reverse 
characteristics for IBS CoSi2/Si Schottky barrier diodes implanted with arsenic to a dose 
of 5 x 1012 As* cm 2 (curves b, c and d). The reference characteristic is curve a (no dopant 
implant). For the arsenic implanted barrier annealed at 500°C saturation is achieved at 
similar voltages to the unimplanted barrier. This not only shows that the activated
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Fig 4.81 Reverse characteristics of IBS CoSi2/Si Schottky Barrier Diodes a)No
dopant implant, b) 5 x 1012 As”cm-2500°C, c) 5 x 1012 As” cm-2 800°C, d) 5 x 
1012 As”cm21000°C.
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implanted dopant region is fully depleted at zero bias but also shows that the barrier 
height modification technique used here is successful. For a higher annealing temperature 
of 800°C degradation in the shape of the characteristic is seen over the voltage range 0.1 - 
1.0V. This indicates that a portion of the activated implanted region may be undepleted at 
zero bias such that with increased applied reverse voltage more of the dopant atoms 
become ionized as the depletion region widens resulting in a higher field and increased 
barrier lowering as is evidenced by the increased current. This also highlights why 
although it is possible to reduce the effective barrier height calculated from the forward 
characteristic in a Schottky contact fabricated on a highly doped substrate, the reverse 
characteristic is severely degraded. After annealing at 1000°C the characteristic is 
degraded further as the concentration of activated dopant increases. For higher voltages, 
the dopant implanted barriers display similar shaped characteristics to the undoped 
Schottky barrier, the increase in current across each characteristic is probably due to both 
Schottky barrier lowering and increased edge effects. It can also be seen that breakdown 
occurs at similar voltages for these diodes. Similar results are found for the Ni-Si 
Schottky barriers fabricated with highly doped surface layers in ref[4.38]. For the dose of 
1 x 1013 As” cm-2 (fig 4.82) after annealing at 500°C and 800°C (curves b and c) 
degradation in the shape of the characteristic can be seen over the voltage range 0.1 - IV 
probably for some of the reasons mentioned above. It is also more apparent for this dose 
(1 x 1013 As” cm 2) which is reasonable in view of the fact that the activated dopant region 
will be deeper and the density of space charge greater. Fig 4.82 (curve d) for the barrier 
implanted with a dose of 1 x 1013 As” cm 2 after annealing at 1000°C shows that the 
characteristic fails to saturate. The density of charge is now so great that tunnelling 
through the barrier dominates the current across the barrier and the characteristic is nearly 
ohmic.
Fig 4.83 shows the reverse characteristics of IBS CoSi2/Si Schottky barrier diodes 
implanted with a dose of 1 x 1014 As”cm2. After annealing at 500°C the large change in 
effective barrier height (» 0.15eV) calculated from the forward characteristic (fig
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Fig 4.82
Fig 4.83
Reverse Characteristics of IBS CoSi2/Si Schottky Barrier Diodes a)No 
dopant implant, b) 1 x 1013As+cm-2500°C, c) 1 x 1013As+cm-2800°C, d) 1 x 
1013 As+cm21000°C.
Reverse Characteristics of Arsenic doped IBS CoSi2/Si Schottky Barrier 
Diodes, a) No dopant implant, b) 1 x 10l4As+cm-2500°C, c) 1 x 1014As+ 
cm-2800°C, d) 1 x 10i4As+cm-21000°C.
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4.79(iii)) is reflected by premature breakdown in the reverse characteristic. After 
annealing at 1000°C (curve d) the barrier implanted with this dose of arsenic indicates an 
ohmic contact in agreement with the forward characteristics.
b) Phosphorus Implanted Samples 
: Results O f SIMS Analysis
The SIMS profiles for IBS CoSi2 layers implanted with phosphorus to a nominal dose of 2 
x 1015P+cm-2at 90keV are shown in fig 4.84, a) ’as implanted’, b) 500°C anneal and c) 
1000°C anneal. The implanted dose, calculated from the SIMS measurements, was 
slightly lower (table 4.5). The position of the CoSi2/Si interface corresponds with the 
small peak in the phosphorus profile after the main implantation peak. The peak occurs in 
the case of the phosphorus profiling because it is necessary to run the spectrometer in a 
different mode ( to separate 3IP from the molecular ion 1H30Si ). The SIMS profiles for 
IBS CoSi2layers implanted with phosphorus to a nominal dose of 1 x 1014P+cm-2are 
shown in fig 4.85, a) ’as implanted’, b) 500°C anneal and c) 1000°C anneal. For this dose 
there is a better agreement with the nominal dose (table 4.4).
The phosphorus profile extends across the lower CoSi2/Si interface and deep into the 
silicon. For a dose of 2 x 1015P+ cm 2, for example, the concentration of phosphorus is > 1 
x 1017atoms cmr3to a depth of nearly 0.5pm. Annealing at 500°C is found to cause little 
change in the phosphorus profiles towards the rear of the distribution. However, as in the 
case of the arsenic an increase is seen in the concentration of the dopant at the surface. 
After annealing at 1000°C the concentration of phosphorus at the interface is «  30 % of 
that at the peak of the distributions before annealing (fig 4.84a) and fig (4.85a).
I/V  Characteristics 
: Forward Characteristics
Fig 4.86 shows forward characteristics of IBS CoSi2/Si Schottky barrier diodes implanted 
with doses of i) 5 x 10!2P*cm-2, ii) 1 x 1013P+cm 2, iii) 1 x 1014P+cm-2. Curves b, c and d 
for each dose, represent the phosphorus doped CoSi2/Si Schottky barrier diodes after
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Fig 4.84
c) 1000°C
SIMS profiles of phosphorus implanted to a dose of 2 x IO15?* cm-2 into annealed IBS CoSL, 
after annealing for 15 mins at temperatures indicated. (CoS ©Si interface is at a depth = 
1500A)
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c)1000°C
SIMS profiles of phosphorus implanted to a dose of 1 x 10” P*cm-2into annealed IBS CoSi, 
after annealing for 15 mins at temperatures indicated. (CoSL/Si interface is at a depth » 
1500A)
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annealing at 5OCX, 800°C and 1000°C respectively. Curve a is the forward characteristic 
of an undoped IBS CoSi2/Si Schottky barrier diode. For IBS CoSi2/Si Schottky barrier 
diodes implanted with a dose of 1 x 1014P+cm2, ohmic characteristics were obtained after 
annealing at 1000°C. Fig 4.86iii) also shows the result of implanting the same dose of 
phosphorus at 150keV and annealing at 1000°C. The results indicate that ohmic 
characteristics may be obtained either by implanting into the centre of the silicide layer or 
at the interface with the silicon. As in the case of the arsenic, for the higher dose of 
phosphorus (2 x 1015P+cm-2), annealing at 500°C was found sufficient to obtain ohmic 
characteristics. The reduction in effective barrier height versus annealing temperature for 
the phosphorus doped IBS CoSi2/Si Schottky barrier diodes is shown in fig 4.87 and 
indicates that it is possible to reduce the barrier height over a considerable range. Similar 
effects to those discussed in section 4.6a) for the arsenic implants are most likely to be 
responsible for these changes.
Reverse Characteristics
Figs 4.88 and 4.89 show reverse characteristics of IBS CoSi2/Si Schottky barrier diodes 
implanted with doses of 1 x 10I3P+cm-2and 1 x 1014P+ cm-2respectively. Curves for 
different annealing temperatures are labelled as before. Premature breakdown is seen 
after annealing at the higher temperatures.
c) Comparison o f results between phosphorus and arsenic implanted IBS CoSi2/Si 
Schottky barrier diodes
For the implantation energies used here (i.e. when the peak of the dopant implant lies at 
the centre of the CoSi2 layer) and for equal dopant doses the SIMS profiles indicate that 
for samples annealed at 500°C, there is a higher proportion of phosphorus in the silicon 
below the CoSi2/Si interface than there is of arsenic (see fig 4.78 and 4.84). With the 
assumption that the dopant profiles behave similarly across the range of doses and equal 
fractions of dopants are activated then it would be possible to make deductions about 
differences in the barrier height between phosphorus and arsenic. For the 500°C anneal 
the SIMS results may therefore indicate why for doses of 5 x 10l2ions cm 2 and 1 x 1013
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Fig 4.88
Fig 4.89
Reverse Characteristics of Phosphorus doped IBS CoSi2/Si Schottky 
Barrier Diodes, a) No dopant implant, b) 1 x 1013P+cm-2500°C, c) 1 x 1013 
P+cm-2800°C, d) 1 x 1013P+cm-21000°C.
Reverse Characteristics of Phosphorus doped IBS CoSi2/Si Schottky 
Barrier Diodes, a) No dopant implant, b) 1 x 1014P"cm-2500°C, c) 1 x 1014 
P+cnr2800°C, d) 1 x 1014P+cm 21000°C.
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ions cm 2, larger changes in the value of <j>eare seen for the phosphorus implanted barriers 
than for those implanted with arsenic. Similarly a higher proportion of phosphorus at the 
interface may be the reason for the significant change in the value of (|>efor the 
phosphorus implanted barrier (1 x 10l4Pcm-2), after annealing at 400°C. However, to use 
such assumptions may be an over simplification of the problem. Whilst it is true that the 
results obtained using SIMS indicate that in the direction of the lower interface there is 
little change in the shape of both dopant profiles after annealing at 500°C the fact that the 
concentration of dopant increases at the surface indicates that some diffusion within in 
the silicide must be occurring. It is possible that diffusion of the dopant within the silicide 
may be sensitive to dopant concentration changes and the damage distribution. The 
results of the previous section have shown that diffusion of antimony occurred 
preferentially towards the surface partly attributed to the fact that the upper part of the 
CoSi2 layer is more defective. It was also shown that an amorphous region was created 
adjacent to the lower CoSi2/Si interface caused by the injection of silicon self interstitials. 
In addition, the fraction of activated dopant may not be the same for all doses and may be 
dependent on ion species, dose, energy and damage distribution. For example, Crowder et 
al. [4.43] found that for phosphorus implanted to doses between 3 x 1012ions cm-2to 3 x 
1014ions cm-2 implanted into single crystal silicon, the fraction of activated dopant 
decreased with increasing dose. The activation mechanism for each dopant may also be 
complicated by the defects already present at the CoSi2 interface before implantation. It is 
worth noting that the implantation itself will modify the silicon at the interface and 
introduce defects some of which may be charged. Work has been published [4.45] which 
shows that the barrier height can be reduced simply by implantation. Some of the defects 
may not be removed until after annealing at the higher temperatures which means that 
there may be an additional lowering effect. Precisely how this would vary between 
phosphorus and arsenic is difficult to predict. Whilst it is true that the tail on the 
phosphorus implant is greater, it must also be remembered that the arsenic atom is 
implanted at a higher energy and has a greater mass.
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The space charge density available at the interface, after annealing at temperatures in the 
range 600°C - 1000°C, will be a complicated function of the degree of activation and 
diffusion. However, some of the other factors mentioned above may also influence the 
electrical characteristics. From other work it is found that in dopant implanted UHV 
deposited CoSi2 layers the diffusion coefficient of phosphorus is greater than that of 
arsenic. However, it must be remembered that diffusion will also occur away from the 
interface into the underlying silicon. In addition it is worth noting that in ref [4.34] the 
CoSi2layers were approximately lpm thick and also contained grain boundaries. Figs 
4.78, 4.83 and 4.84 indicate that after annealing at 1000°C for a dose of 2 x 1015ions cm-2 
there is a higher proportion of arsenic atoms at the interface than there is of phosphorus. 
For this annealing temperature most of the atoms from each dopant will probably be 
activated. Therefore it is reasonable to assume that the higher space charge density for the 
arsenic contributes to increased barrier lowering. For the higher doses annealing at 
1000°C results in ohmic characteristics making it difficult to distinguish small changes in 
barrier height. However, if the concentration of activated arsenic is higher than that of 
phosphorus at the interface, after annealing at 1000°C, for all doses this may explain why 
for a dose of 1 x 1013ions cm-2 the barrier height of the arsenic implanted barrier is lower 
than that of phosphorus. For a dose of 5 x 1012ions cm-2, on the other hand, there is not 
such a large difference in the barrier height between the phosphorus and arsenic 
implanted samples after the annealing at 1000°C.
For annealing at 1000°C it can also be seen from the SIMS results that for a dose of 2 x 
1015ions cm-2, although the concentration of phosphorus is less than that of arsenic at the 
interface, the distribution is broader, which means that the shallow sub-micron n+contact 
for the phosphorus will be deeper.
d) Boron Implanted Samples 
Results Of SIMS Analysis
The SIMS profiles for IBS CoSi2 layers implanted with boron to a nominal dose of 2 x 
1015B+cm-2are shown in fig 4.90. a) ’as implanted’, b) 500°C anneal and c) 1000°C
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Fig 4.90 SIMS profiles of boron implanted to a dose of 1 x 10” B+cm-2 into annealed IBS CoSi2 after 
annealing for 15 mins at temperatures indicated. (CoSq/Si interface is at a depth « 1500A)
203
anneal. For the ’as implanted’ sample the concentration of boron at the interface is «  10% 
of that at the peak of the distribution. As in the case of the phosphorus and arsenic, 
annealing at 500°C, is found to introduce little change in the boron distribution. Similar 
results are found in ref [4.36] for UHV deposited CoSi2 layers. After annealing at 1000°C, 
the results in this thesis show that a major redistribution of the boron has occurred within 
the silicide layer with a peak being formed at the lower interface. There is also a large 
increase in the concentration of boron at the surface of the silicide layer. The changes in 
the distribution are much greater than those for arsenic and phosphorus indicating that the 
boron diffuses more rapidly than these other two dopants in the silicide. Eichhammer et 
al. [4.33] have also studied the diffusion of boron in IBS CoSi2layers. In this study [4.33] 
it was found that outdiffusion also occurred after annealing in the range 900°C - 1100°C 
and could be greatly reduced by the use of a capping layer.
J/K Characteristics
The forward and reverse characteristics of IBS CoSi2/Si Schottky barrier diodes doped 
with boron to a dose of 5 x 1012B+cmr2are shown in fig 4.91 after annealing at 
temperatures of b) 500°C and c) 1000°C. There was found to be little change in the 
ideality factor of the forward characteristic after annealing at these temperatures. The 
barrier height appears to have been increased by approximately 0.02 and 0.04eV for the 
two annealing temperatures respectively. Although it must be remembered that there is 
probably an uncertainty of about 0.0leV in the measured values, the results indicate that 
the barrier height of the CoSi2/Si interface may be increased as well as lowered. If the 
redistribution of boron with annealing for this dose is similar to that for the dose of 2 x 
1015B+cm-2then there should be a narrow sub micron p region below the silicide assuming 
that a significant fraction of the boron is activated. The effect of a thin doped region of 
the opposite type on the Schottky barrier height has been described [4.39, 4.44] for the 
Ni-Si interface. If the region is fully depleted of free charge at zero bias then barrier 
raising is possible without the formation of a pn junction. The results in this work suggest 
that for the dose of 5 x 1012B+cm-2this is also the case. The relatively small difference in 
the calculated values of barrier height calculated from curves b and c shows that the
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Fig 4.91
Fig 4.92
Forward and Reverse Characteristics of Boron doped IBS CoSi2/Si 
Schottky Barrier Diodes, a) No dopant implant, b) 5 x 1012B+cm-2500°C, c) 
5 x 1012B+cm-21000°C.
Forward and Reverse Characteristics of Boron doped IBS CoSi2/Si 
Schottky Barrier Diodes, a) No dopant implant, b) 1 x 1014B+cm-2500°C, c) 
1 x 1014B*cm-21000°C.
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activated dopant concentration will be similar for the 500°C and 1000°C anneals. This is 
reasonable in view of the fact that although the relative fraction of activated dopant will 
increase after annealing at 1000°C, the SIMS results show a reduction in the overall 
concentration of boron at the interface after this anneal.
The forward and reverse characteristics of IBS CoSi2/Si Schottky barrier diodes doped 
with boron to a dose of 1 x 1014B+cm-2are shown in fig 4.92 after annealing at 
temperatures of b) 500°C and c) 1000°C. The effective barrier height is raised by about 
0.16eV with little difference seen between the characteristics for the two annealing 
temperatures. It is more likely that for this dose of boron the p region is not fully depleted 
of holes at zero bias and that a pn junction is infact formed. There was also found to be 
no large difference in the characteristics of the diode implanted with this dose of boron 
and the diode implanted with a dose of 2 x 1015B' cm-2. For lower voltages it can be seen 
from fig 4.92 that, for the forward characteristic, there is deviation from ideal diode 
behaviour. The shape of this deviation is typical of generation-recombination seen for a 
pn junction diode characteristic.
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CHAPTER 5
CONCLUSIONS
The results in this thesis have provided useful and new information about IBS CoSi2/Si 
structures and their interaction with common device processing dopants such as (B, As,
P, Sb and In). In sections 4.2 and 4.3 it was shown how the microstructure and electrical 
properties of the layer vary considerably with ion dose, annealing temperature and 
annealing time. An examination of the dependence of the crystallinity and resistivity 
across such a wide range of doses and annealing conditions in substrates of (100), (110) 
and (111) orientations has, to date, not been undertaken in as much detail elsewhere. In 
section 4.4 the electrical characteristics of the CoSi2/Si n-type (100) interface were 
investigated in the temperature range 100 - 400 K using wet etched mesa device 
structures. Reports of such an investigation have not been published elsewhere. In 
sections 4.5 and 4.6 results were presented and discussed on the interaction of the dopants 
indium, antimony, arsenic, phosphorus and boron with IBS CoSi2/Si and Si/CoSi2/Si 
structures. The experiments performed with these dopants have not been reported in other 
work. There has been only one other publication about implanted dopants in IBS CoSi2, 
the species of interest in this particular study was boron.
Implantation of cobalt into silicon at 350°C to give atomic Co concentrations in the range 
10 - 25% results in the formation of precipitates which grow in size as the dose is 
increased. This leads to a gradual improvement in crystallinity which is attributed to an 
increase in aligned A - type precipitates and a more continuous structure. Crystallinity 
improves as the dose is increased beyond the threshold peak concentration required to 
form a continuous layer. This continues until the dose is so high that the excess cobalt is 
incorporated in the form of small CoSi inclusions. Increasing the dose still further results 
in an increase in the concentration of the CoSi inclusions until the upper part of the 
synthesised layer consists predominantly of CoSi grains. The increase in the volume 
concentration of CoSi is accompanied by a steady degradation in crystallinity. Interesting 
differences exist between ’as implanted’ layers fabricated in (100), (111) and (110)
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orientations. For a 7° angle of tilt, the ’range’ of cobalt appears to be greatest in (100) 
silicon and is nearest to the surface for (111) silicon. Because of this, the concentration of 
cobalt at the peak of the distribution is higher for the (111) orientation at lower doses.
The crystallinity improves in all three orientations with dose for doses s4x 1017Co*cm-2 
implanted at 200keV. For higher doses slight deterioration is seen in crystallinity for the 
(111) and (110) orientations and in addition the sputtering yield increases in the order 
(100), (110), (111) reflecting a gradually increasing proximity to the surface of the 
synthesised region across the three substrate orientations. The resistivity of the ’as 
implanted’ synthesised region is also found to vary with the dose. In the subthreshold 
peak concentration range, increasing the dose results in a fall in resistivity as the 
concentration of highly conductive CoSi2 precipitates increase. The resistivity continues 
falling once the layer coalesces probably due to improving crystallinity and then rises 
once the more poorly conducting CoSi grains become predominant.
Annealing over a variety of temperatures and times can be used to successfully improve 
the crystallinity and reduce the resistivity of the layers. As the dose is increased the 
change in the value of Xc0 increases after annealing at 600°C for 1 hour. This occurs as the 
driving force for the formation of a continuous high quality epitaxial CoSi2 layer is the 
discrepancy in precipitate size across the distribution and this increases with increasing 
dose. For over stoichiometric doses crystallinity also improves due to the phase 
transformation 2CoSi -* CoSi2+ Co. Both before and after annealing the crystallinity of 
the synthesised region improves as the value of x in CoSixapproaches 2. After a further 
anneal at 1000°C for 30 minutes the cobalt distribution is rectangular for continuous 
CoSi2 layers (for doses & 1.5 x 1017 Co* cm-2 in these experiments). The resulting structure 
consists of either a thin layer of fully aligned epitaxial CoSi2 sandwiched between a thin 
silicon overlayer and the substrate or a similarly high quality surface layer of CoSi2. For 
doses 1.5 x 1017Co*cm*2- 7 x 1017Co*cm-2 layer thicknesses ranged between » 700A and 
1800A. The crystallinity of the CoSi2 layer is more or less the same across the range of 
doses after the 1000°C anneal. In addition, for substoichiometric doses the crystallinity of
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the implanted region is also much better, the cobalt is most likely in the form of discrete 
aligned A - type CoSi2 precipitates. The resistivity of the continuous CoSi2 layer is « 
14pQcm with the lower and upper doses having resistivities 1-2 (nQcm higher.
Crystallinity appears to be better for the layers fabricated in the (111) and (110) silicon 
than for the layers fabricated in (100) silicon. This is attributed to a lower number of 
interface steps for the layers in the (111) and (110) silicon. The resistivities display a 
different trend with the (100) and (110) layers having the lowest and highest resistivities 
respectively. It is also found that the silicon overlayer for the (111) silicon is the least 
aligned with the CoSi2 layer. This is attributed to a higher degree of twinning in the (111) 
silicon overlayer.
Sequential annealing between 200°C and 1000°C for 15 minutes allowed a more precise 
examination of the stability of the implanted region with temperature. After annealing 
between 200°C and 500°C the resistivity for a continuous layer (fabricated with 4 x 1017 
Co+cm 2, 200keV) decreases significantly whilst the change in crystallinity observed 
using RBS is not so apparent between these temperatures. After the 600°C anneal a more 
significant improvement in crystallinity is seen which continues for temperatures up to 
1000°C. The <311> defects in the silicon just below the lower CoSi2/Si interface are 
annealed out in the temperature range 700°C - 900°C. Annealing at 1000°C for 15 
minutes allows the formation of a layer with the same quality as that obtained after the 
two step 600°C/1 hour + 1000°C/30 min anneal. Crystallinity improves and resistivity 
decreases as the value of x in CoSix approaches 2. For a substoichiometric dose (1 x 1017 
Co+cm-2, 200keV) higher annealing temperatures are needed to redistribute the implanted 
cobalt. This occurs due to the precipitate size/distribution gradient discussed previously.
Rapid thermal annealing also produced some interesting results. For all the doses 
discussed in section 4.3 the crystallinity improved and the resistivity decreased after rapid 
thermal annealing at temperatures between 700°C and 1100°C for 5 seconds. However 
the results clearly highlighted the time as well as the temperature dependence of
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annealing effects. For all doses the crystallinity was superior and the resistivity lower 
after the 600°C/lhour anneal than after the 700°C/5 second anneal. For a dose very close 
to the threshold peak concentration (1.5 x 1017Co+cm-2, 200keV in this thesis) major 
redistribution of the cobalt takes place after the higher temperature RTAs. However, it is 
found that for this dose even annealing at 1100°C for 5 seconds is not sufficient to allow 
the formation of a layer with the same quality as that obtained after the two step 
600/1000°C anneal. This is partly due to the fact that the CoSi2precipitates in the wings 
of the cobalt distribution do not fully anneal out after 5 seconds. For the medium and 
high doses (5 and 7 x 1017Co+cm-2, 200keV) it is found that 1100°C for 5 seconds is 
required to form a layer with the same quality as the two step 600°C/1 hour + 1000°C/30 
min anneal. For both doses the higher temperature is needed to dissolve and redistribute 
the cobalt in the precipitates below the continuous layer. For the higher dose annealing at 
1100°C for 5 seconds is also required to ensure the complete dissolution of the CoSi 
grains at the surface of the layer. For the same dose it is found that annealing at 
temperatures of 900°C for a duration of 45 seconds and 1000°C for 10 seconds is also 
almost sufficient to remove the CoSi grains.
These annealing results indicate important findings for a future device engineer and show 
that dose, annealing time and temperature are important considerations. The lowest 
resistivities can be obtained by annealing at temperatures as low as 600°C with the 
correct implantation parameters. In order to achieve the highest quality crystalline layer, 
for the anneal durations investigated in this thesis, temperatures & 1000°C are generally 
needed. Annealing attemperaturesin the range 900°C < TA < 1000°C for longer time 
periods may also give the same results. In addition, the fact that high quality CoSi2 layers 
can be achieved by anneals of such short duration is significant from a device fabrication 
standpoint. As well as the obvious advantage of minimizing processing time there is also 
the possibility of reducing out diffusion depths during shallow junction formation.
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In section 4.4 it was shown that IBS CoSi2/Si Schottky barrier diodes prepared using wet 
etching display nearly ideal (n « 1.05) I/V forward characteristics for T > 250 K. The 
barrier height of the IBS CoSi2/Si interface calculated using either the intercept method, 
the alternative form of the diode equation or fitting to the experimental characteristic is 
found to be equal to 0.64 ± O.OleV for T « 293 K. C/V measurements made on the IBS 
CoSi2/Si Schottky barrier diodes also reveal the same value of barrier height for T > 250 
K. A plot of 1/T2 against 1/T for various forward voltages in the range 250 - 400 K gives 
straight lines showing one activation energy for each voltage in this range. The same plot 
also yields values for the barrier height in agreement with the other methods and also 
values for the Richardson constant which are in good agreement with the theoretical 
value of 112 Acm-2K-2. Comparison of the barrier height obtained in this work with those 
found elsewhere suggests that the barrier height may be sensitive to the annealing 
conditions. This is because the annealing conditions may determine the number and type 
of defects.
For T < 250 K the ideality factor is found to increase gradually as temperature decreases, 
this is attributed to electron-hole recombination. The effective barrier height is also 
reduced with decreasing temperature. A plot of 1/T2 against 1/T for T < 250 K shows that 
there is more than one activation energy over this range. The departure from ideal 
behaviour suggests that there must be electrical defects at the interface most probably 
related to the high concentration of dislocations in the silicon just below the interface.
In the reverse direction lower leakages are obtained than those reported in other 
publications. However, the leakage is still in excess of that predicted by the Schottky 
barrier lowering theory and the approximation made by Andrews. The deviation between 
the theoretical predictions and the experimental results is probably due to edge effects.
Implantation of indium and antimony at high doses e.g. ^5x 1015 ions cm2 into the centre 
of an ’as implanted’ CoSi2 layer, results in a complicated structure that consists of five 
regions: a) the upper part of the CoSi2 layer which is highly defective, b) the lower part of
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the CoSi2 layer containing fewer defects, c) an amorphous silicon region which is formed 
by the injection of silicon self interstitials during indium and antimony implantation, d) a 
defective silicon region similar to that observed for the non dopant implanted sample and
e) the substrate silicon. Annealing at temperatures up to 300°C results in an increase in 
the proportion of dopant atoms in substitutional sites. For higher annealing temperatures 
this proportion starts to decrease again. The damage due to the dopant implant is 
annealed out in the temperature range 200°C - 500°C. For the higher annealing 
temperatures (V700oC) values of xCof°r undoped and doped ’as implanted’ silicides are 
similar. For the ’as implanted’ silicide more segregation of the dopant towards the 
interface and the surface is seen for the antimony implanted silicide than for the indium 
implanted silicide. It is also found that after annealing at 1000°C, the defect density in the 
silicon below the CoSi2/Si interface is lower for the antimony implanted silicide than for 
the undoped silicide. This is probably due to the antimony relieving stress induced as a 
result of the lattice mismatch or alternatively simply as a result of amorphization and 
regrowth.
Implantation of indium and antimony at high doses e.g.  ^5 x 1015 ions cm-2 into the centre 
of an annealed CoSi2 layer, also creates a high degree of damage. However, with 
annealing, the crystallinity of the undoped annealed silicide is achieved in the case of 
antimony but not in the case of indium. For a dose of 5 x 1015 Sb+cm2, the crystallinity of 
the undoped annealed silicide is restored after annealing at 800°C and for the higher dose 
after annealing at 1000°C. In contrast to antimony, more segregation of indium is seen in 
the annealed silicide than in the ’as implanted’ silicide. This may be because the 
formation of the ternary CoSixlny compound is more favoured than that of the CoSixSby 
compound during annealing of the ’as implanted’ silicide. More segregation of antimony 
is seen in the ’as implanted’ silicide than in the annealed silicide probably because there 
is more substantial lattice restructuring occurring in the ’as implanted’ silicide than in the 
annealed silicide. For both dopants there are also interesting differences in the tempera­
tures at which dopants start to segregate. For the ’as implanted’ silicide significant 
segregation starts at about 600°C but for the annealed silicide, the largest changes in the
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dopant distribution are seen at a temperature of 700°C and above. It is also found that 
RTA can be used to anneal out the damage caused by the dopant implant, the original 
ciystallinity and resistivity being successfully restored.
Implanting arsenic into the centre of an annealed IBS CoSi2 layer also results in damage 
but this does not extend to so great a depth as those seen for the antimony and indium. It 
is also found using RBS that arsenic diffusion in the silicide occurs in the direction of the 
surface for annealing temperatures in the range 400°C - 500°C. The damage in the 
arsenic implanted CoSi2 layer also anneals out at lower temperatures. The results of SIMS 
analysis also show that for arsenic implanted to a dose of 2 x 1015 ions cm-2 diffusion 
occurs towards the surface after annealing at 500°C. A large accumulation of arsenic is 
also observed at the lower CoSi2/Si interface after annealing at 1000°C. Phosphorus 
redistribution at the same annealing temperatures is similar. However, for the same 
implanted range, the tail of the phosphorus distribution extends to greater depths. In 
addition, after annealing a higher concentration of arsenic accumulates at the CoSi2/Si 
interface than phosphorus.
With both phosphorus or arsenic, implanted into the IBS CoSi2layer, to doses in the range 
5 x 10l2ions cm-2- 2 x 1015ions cm2, the barrier height of the CoSi2/Si interface can be 
reduced by subsequent annealing. The reduction in the effective barrier height is 
attributed to an increase in the space charge density at the interface which results in an 
increase in the electric field leading to Schottky barrier lowering and thermionic field 
emission. For lower annealingtemperaturesthese changes are most likely to be brought 
about by activation of the tail of the implanted profile which extends across the CoSi2/Si 
interface. It is found that the barrier height can be reduced by up to about 0.14eV without 
premature breakdown in the reverse direction. For small reductions in the barrier height 
the reverse characteristic retains its shape over the entire range of voltages indicating that 
the activated implanted dopant region below the IBS CoSi2 layer is fully depleted at zero 
bias. As the barrier height reduction increases, degradation in the shape of the reverse 
characteristic is seen over the range 0.1 - IV indicating that in this case not all of the
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activated implanted dopant region below the IBS CoSi2layer is fully depleted at zero bias 
and that therefore more of this is ionized with increasing applied reverse bias. For the 
higher annealing temperatures and the higher doses, more significant changes are seen in 
the effective barrier height and there is a transition from Schottky to Ohmic type 
characteristics. For a dose of 2 x 10,5ions cm-2, both arsenic and phosphorus implanted 
IBS CoSi2/Si interfaces have ohmic characteristics after annealing at 500°C and for a 
dose of 1 x 1014ions cm 2 after annealing at 1000°C. It is also found that ohmic 
characteristics result when IBS CoSi2 layers are implanted with phosphorus to a dose of 1 
x 1014ions cm 2 so that the peak of the implant coincides with the IBS CoSi2/Si interface. 
These results together with the SIMS data demonstrate the successful application of IBS 
CoSi2 layers as diffusion sources for the fabrication of shallow n+layers on (100) silicon. 
The changes in effective barrier height are higher for higher annealing temperatures, this 
occurs because there is a higher activated dopant concentration at the interface which is 
the result of dopant diffusion and redistribution towards the CoSi2/Si interface. It is also 
probable, however, that such changes in barrier height are also complicated by other 
factors such as defects already present at the interface, defects introduced during 
implantation and also their effect on the subsequent diffusion and activation of the 
dopants.
The phosphorus is also found to extend to greater depths than the arsenic after the 
1000°C anneal indicating greater diffusivity out of the silicide and into the underlying 
silicon. This shows that n+layers fabricated by outdiffusion of arsenic will be shallower 
than those fabricated by outdiffusion of phosphorus. It should be noted, however, that the 
SIMS data provides information about the atomic concentration of each dopant both 
activated and interstitial. The use of a technique such as spreading resistance would allow 
information to be gained about the activated dopant concentration for both high as well as 
low doses across the range of annealing temperatures.
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For boron implanted IBS CoSi2 layers the SIMS results show that more significant dopant 
redistribution occurs than does for the arsenic and phosphorus implanted layers. A large 
proportion of the boron also out diffuses. The I/V characteristics indicate that the barrier 
height may be raised by the implantation of boron to a dose of 5 x 10l2B+ cm-2 followed by 
subsequent annealing. For a dose of 1 x 1014B+cm-2a pn junction is more likely to be 
formed beneath the silicide.
In summary, the effect of varying certain fabrication parameters on the microstructure 
and electrical characteristics of IBS CoSi2 layers has been studied. The quality of the 
layers are found to be strongly dependent on the ion dose, substrate orientation and 
annealing conditions. Many processes within the implanted region can be examined by 
varying annealing temperature and time. In addition to its good crystalline quality and 
low resistivity the IBS CoSi2/Si interface is found to form a low leakage Schottky barrier 
junction with an ideality factor approaching unity. The use of IBS CoSi2 layers as dopant 
diffusion sources has been demonstrated using a variety of dopants and it has also been 
shown how the barrier height of the interface can be controlled using both n and p-type 
dopants.
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CHAPTER 6
FUTURE WORK
The results in this thesis have provided information which will hopefully be of use to a 
future device engineer. However, some important aspects of IBS CoSi2need further 
research. One of the limitations of CoSi2is the lattice mismatch that it has with silicon. In 
the case of a buried IBS CoSi2 layer this results in a defect structure in the silicon at both 
the upper and lower interfaces. The defects in the silicon overlayer mean that any 
subsequent silicon overgrowth will contain defects which propagate from the underlying 
silicon. Maex et al. [6.1] have reduced the defect concentration in the overlayer by 
amorphization and subsequent regrowth. However, whether the resulting overlayer 
contained sufficiently few defects to be of device quality is unclear. Perhaps a 
continuation of this work to include a greater number of amorphization and regrowth 
steps may reduce the defect density further. One way of overcoming the problem may be 
to relieve the strain caused by the lattice mismatch between CoSi2and the silicon. It was 
revealed in section 4.5a that there was a lower defect density in the silicon below the 
lower silicide/silicon interface for the antimony implanted ’as implanted’ CoSi2layer than 
there was for non dopant implanted CoSi2 layer. Although it is speculative as to whether 
the implanted dopant is relieving the strain at the interface, further work could be carried 
out with different doses of dopant, implantation and annealing conditions. Another 
possibility is to fabricate a multilayer IBS structure such as that shown in fig 6.1.
Between the silicon and the CoSi2is a buffer layer of NiSi2or another cubic silicide with a 
lattice parameter somewhere between that of CoSi2and Si. The lattice mismatch of NiSi2 
with silicon is 0.4%. Such a layered structure would obviously be difficult to fabricate 
and would require high and low energy nickel implants with an intermediate energy 
cobalt implant. MeV implantation would be useful for this application. The successful 
fabrication of such a structure could depend on the thickness of the different layers. It 
would certainly provide a stimulating area of research.
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There are also many other unresolved areas associated with IBS CoSi2. Ideas for other 
possible future experiments are discussed below.
Experiment 1
The magnitude of the ion beam current density is an important consideration in the IBS 
fabrication process. A higher beam current density will raise the substrate temperature. 
This will encourage diffusion of Co” ions during the implantation period. However, the 
shorter implantation period necessary to achieve the required dose means that there is less 
time for cobalt ions to diffuse and less time for self annealing. An interesting experiment 
would be to study the effect of variations in ion beam current density on the diffusion of 
cobalt atoms and the effects of self annealing using RBS and SIMS to analyse the 
implanted profiles. An important consideration in the fabrication of the 
synthesised layer is the size of the precipitates since larger precipitates will tend to lead to 
larger interface steps.
Experiment 2
Use of external heating to control the implantation temperature opens up several 
possibilities for further research.
a) Are the dose dependence of crystallinity and resistivity the same for externally heated 
samples as they are for samples heated by the power of the ion beam ? A comparison of 
the quality and properties of IBS material obtained using both methods of heating is an 
area of possible future work.
b) It was mentioned in the literature survey that the sputtering yield for the Co” ions in the 
silicon substrate decreases for higher temperature implants. However, precisely how the 
sputtering yield depends on temperature is not known. A detailed investigation would be 
to measure the sputtering yield as a function of implantation temperature.
c) Maintaining a high substrate temperature using external heating would open up the 
possibility of varying beam current density without varying temperature.
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It has been found [6.2] that it is difficult to fabricate a buried layer of CoSi2for 
implantation energies of less than 50keV in (100) silicon. For low temperature implants < 
290°C implants it was only possible to form a surface layer of CoSi2, after annealing, 
whilst for higher temperature implants the cobalt distribution broadened preventing 
continuous layer formation. Maintaining the temperature of the substrate constant using 
an external temperature control and increasing the ion beam current density to reduce 
diffusion times may help to prevent broadening of the cobalt distribution.
E xperim ent 3
The electrical characteristics of the BBS CoSi2/Si interface were investigated for layers 
that were implanted with a dose of 5 x 1017 Co* cm-2 at 200keV and annealed at 
600°C/1000°C for 60/30 minutes respectively. From earlier discussions it has been 
pointed out that the barrier height is sensitive to the processing conditions. A  study aimed 
specifically at determining the dependence of barrier height on processing conditions 
would hopefully provide some more useful information. Energy, dose, temperature of 
implant and annealing conditions could be varied. The dependence of etch time could 
also be investigated since the results in this thesis have shown that edge effects may have 
a significant effect on the reverse characteristic. It was also shown in this thesis that there 
is a departure from ideal diode behaviour for T < 250 K. Preliminary measurements with 
Deep Level Transient Spectroscopy (DLTS) on the diodes fabricated in this work have 
unfortunately revealed a defect level too high to determine any specific levels. However, 
more work could be done in this area particularly with regard to IBS CoSi2/Si structures 
processed under different conditions. A  study aimed at extending the temperature range 
of ideal diode behaviour would obviously be advantageous from a device engineering 
point of view. On the same theme it is very possible that, in a future processing line, the 
silicide would be formed by implanting through a mask. H o w  the electrical characteris­
tics of a mesa device structure IBS CoSi2/Si diode would vary from those of a diode
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fabricated in the substrate is an area requiring further investigation. Implants performed 
through an oxide mask which could then be subsequently etched away may provide some 
interesting results.
It would also be interesting to investigate the characteristics of IBS CoSi2/Si diodes 
fabricated on (111) and (110) silicon.
E xperim ent 4
Most of the investigations of the electrical characteristics in this thesis have concentrated 
on the study of the IBS CoSi2/Si n -type interface. However, the electrical characteristics 
on p-type silicon have still to be studied. In addition experiments using implanted dopants 
similar to those described in this thesis could also be carried out to modify the electrical 
characteristics of the CoSi2/p -type interface.
E xperim ent 5
The barrier height modification experiments in this thesis have been performed with 
arsenic, phosphorus and boron. It was also shown how an ohmic contact could be 
fabricated by implanting phosphorus at a higher energy i.e. so that the peak of the implant 
coincided with the interface. A  more detailed study of barrier height modification using 
dopant implants at various energies and various doses might allow a greater degree of 
flexibility to be introduced without premature breakdown in the reverse characteristic. 
Annealing was performed over a duration of 15 minutes up to temperatures of 1000°C.
As well as increasing the duration of the anneal, of particular interest is how the electrical 
characteristics would be modified by rapid thermal annealing over just a few seconds. 
Measurements performed at low temperatures would also allow the thermionic and field 
emission currents to be "separated" thus allowing a more accurate quantification of the 
contribution from each component.
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More work could also be done with antimony and indium implants particularly at lower 
doses. Antimony with its lower diffusivity will form shallower junctions than arsenic or 
phosphorus but there is the added complication that precipitation occurs at the higher 
temperatures. It is also interesting to note that if the formation of a CoSiJriy compound 
has occurred then this in itself may change the barrier height of the interface. However, 
such changes may be difficult to detect since diffused and activated indium will probably 
affect the electrical characteristics of the interface in any case.
With continued research to add to the results presented here and elsewhere in the 
literature more will be known about the Si/CoSi2/Si structure. Whether or not CoSi2is the 
best candidate for some of the more novel device applications discussed in section 1 will 
with time become clearer, much depending on the processing technique. However, 
silicides are likely to play an increasingly important role in the future of silicon integrated 
circuit technology.
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